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INTRODUCTION 


UTATION pressure results in accumulation of genetic variability 

in natural populations of organisms that reproduce by cross-ferti- 
lization. The main constituents of this variability are recessive mutant 
genes which are carried in heterozygous condition and which are therefore 
concealed from direct observation and are detectable only by means of spe- 
cial genetic techniques. In Drosophila pseudoobscura a considerable propor- 
tion of wild third chromosomes contain recessive lethals and semilethals, 
viability and development rate modifiers, and other changes (STURTEVANT 
1937; DOBZHANSKY and QUEAL 1938; DOBZHANSKY 1939; DOBZHANSKY 
and WRIGHT 1941; WRIGHT, DoBzHANSKY, and HovANITz 1942). Data to 
be reported in the present article show that a similar situation obtains in 
the second and fourth chromosomes of this species. 

The determination of frequencies of major genetic changes, such as 
lethals, is relatively simple. Our purpose, however, has been to make an 
approximate census not only of major but also of minor changes—for ex- 
ample, modifiers cf viability and of the development rate. This is extremely 
laborious; disregarding the preliminary experiments, we have classified and 
counted more than 550,000 flies. The research program of which this work 
is a part has been supported by a grant from the CARNEGIE INSTITUTION 
OF WASHINGTON, whose help we acknowledge with pleasure. We are ob- 
ligated to Mrs. MARIAN Grsss Hovanitz, Mr. G. T. Rupkin, and Dr. 
D. D. MILLER who have shared in the work in its early stages, and to 
Mr. E. Novitski for the use of a strain containing an inversion in the 
second chromosome. To Pror. CARL EPLING and Mr. A. SOKOLOFF we 
owe thanks for collecting some of the material and to Dr. J. NEEt for 
discussion of some statistical techniques. 


MATERIAL 


Most of the wild flies used in the present study were collected in 1940 
and 1941 in three localities, Andreas, Pinon and Keen, on Mount San 
Jacinto, California. A description of these localities may be found in 
Wricut, DoBzHANSKY, and Hovanitz (1942). Population samples were 
taken throughout the season when the flies are reasonably abundant in 
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each locality. The samples were sent to the laboratory at CoLumBiA UNI- 
VERSITY, and the wild flies were outcrossed to the strains used for analysis 
either immediately or within a few days. The work on the second and on 
the fourth chromosomes was carried simultaneously, parts of each sample 
being used for both purposes. The data on the second and the fourth 
chromosomes are therefore fully comparable as far as the origin of the ma- 
terial is concerned. Some of the flies used in the experiments came from the 
vicinity of Santa Barbara, California (obtained through the courtesy of 
Mr. G. MAINLAND), from the vicinity of Kaibab Lodge, Kaibab National 
Forest, Arizona, and from Wildrose Canyon, Panamint Mountains, Cali- 
fornia. 
METHOD 

The method of analysis consists of series of crosses devised to obtain in- 

dividuals homozygous for wild second and wild fourth chromosomes re- 
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shown in black, chromosomes with marking genes in white, and chromosomes with marking genes 
and inverted sections hatched. 


spectively (fig. 1). The recessives upturned (up?), bithorax (bx), glass (gl), 
and the dominant Bare (Ba) are used as markers for second chromosomes; 
the recessive incomplete (inc), hooked (hk), and the dominant Curly (Cy) 
are applied similarly in the fourth chromosomes. Curly is lethal to homo- 
zygotes, and homozygous Bare flies rarely survive. Inversions which sup- 
press most of the detectable crossing over in the respective chromosomes 
are used when the wild chromosomes are to be transmitted through females 
(the F; generation, fig. 1). These inversions have been induced with the aid 
of X-ray treatments in experiments designed for that purpose; the inver- 
sion in the second chromosome was obtained by Mr. E. Novitsk1 and that 
in the fourth chromosome by Mr. G. T. Rupk1n. The strains that contain 
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the inversions and the dominants Ba and Cy are perpetuated in a balanced 
condition by means of recessive lethals in the opposite chromosomes. 

To analyze the wild second chromosomes, single wild males are out- 
crossed to homozygous ut bx gi or gl females (fig. 1). A single F; male is 
taken from each culture and crossed to upt bx Ba gl inversion / lethal fe- 
males. In the F2, from six to eight females and an equal number of males 
showing Ba but not ut bx gi are selected; the flies are kept for two to four 
days in vials with food, and thereupon transferred four or five times at 
approximately 24 hour intervals to fresh culture bottles with the regular 
cornmeal-molasses-agar medium. Five or six bottles with F; eggs deposited 
in them are thus obtained. When the F; flies hatch, daily counts are made 
for a week; thereafter counts are made on alternate days until the cultures 
are exhausted. One of the bottles is kept in a cold room, in order to furnish 
material for repetition of the experiment if necessary. 

The technique of analysis of wild fourth chromosomes is quite analogous 
to that just described for second chromosomes. Wild males are crossed to 
inc hk females, a single F; male is crossed to inc hk Cy inversion / lethal 
females, in the F, generation eight to ten females and a like number of 
males showing Cy but not inc or hk are selected, kept together in vials for 
two to four days, and transferred four to five times at 24 hour intervals to 
fresh culture bottles in which the F; offspring develop (fig. 1). 

With the culture medium and the culture bottles used, the optimum 
population density for Drosophila pseudoobscura is between 30 and 50 flies 
per bottle. In our experiments the numbers of the F; flies per culture were 
so adjusted as to obtain a slight overpopulation in the F; bottles (100-200 
flies). This was done in order to bring out more clearly any small variations 
in viability and development rate. The experimental cultures were kept 
mostly at room temperature (22-24°C). During the hot summer months 
they were placed in incubators at about 243°C. 


STANDARD VIABILITY AND DEVELOPMENT RATE 


There is no satisfactory yardstick for measuring the absolute viability 
of Drosophila flies. The viability of flies homozygous for wild second and 
wild fourth chromosomes can therefore be measured only relative to a 
standard or normal viability. The duration of the development could be 
measured, theoretically, in days or hours, but this method is too laborious 
for use in practice. Consequently, we have set up a concept of normal de- 
velopment rate. The average viability and the average development rate 
of flies possessing two second, or two fourth, chromosomes taken at random 
from the population of a given locality are defined as normal. Since any 
population, excepting the extremely inbred ones, has a variety of chromo- 
somes differing in gene contents, a majority of the flies found in nature 
are heterozygotes. Some flies—namely, those which have immediate an- 
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cestors in common—are homozygotes. The relative frequencies of hetero- 
and homozygotes depend upon the effective size of the population in ques- 
tion. To arrive at the viability and development rate standards, we must 
reproduce in experiments the breeding structure of natural populations. 
The following method of approach was used. 

The wild / upt bx Ba gi inversion females and males from different F: 
or F; bottles (fig. 1) are intercrossed. Similar intercrosses are made of the 
wild / inc hk Cy inversion females and males from different strains (fig. 1). 
The strains intercrossed come from the same locality and preferably from 
flies collected at the same time. The numbers of Bare flies per culture are 
six to eight females and males; eight to ten Curly females and males are 
used in experiments involving the fourth chromosomes. In order to make 
the data from the intercrosses comparable to those obtained in the main 
experiment (in which the viability and the development rates of homozy- 
gotes are measured), the flies are permitted to oviposite for only 24 hours 
in each bottle. Only one culture, however, was raised for each intercross 
(compared to four or more for each homozygote). Counts of the flies hatch- 
ing in the cultures are made at first daily, and on alternate days toward the 
end of the hatching period. The data for the intercrosses, which constitute 
our control experiment, are summarized in table 1. 

TABLE 1 
The viability and development rate in control cultures (further explanation in text). 

















SECOND CHROMOSOME (BARE) FOURTH CHROMOSOME (CURLY) 
CULTURES WITH CULTURES WITH CULTURES WITH CULTURES WITH 
_— MORE THAN 100 FEWER THAN 100 MORE THAN 100 FEWER THAN 100 
seed FLIES FLIES FLIES FLIES 
HATCH- ‘ 
ING PERCENT- PERCENT- PERCENT- PERCENT- 
TOTAL TOTAL TOTAL TOTAL 
AGE WILD AGE WILD AGE WILD AGE WILD 
FLIES FLIES FLIES FLIES 
TYPE TYPE TYPE TYPE 
I 1784 ars 1202 31.4 3817 37-0 1770 37-9 
2 3270 $3.7 1406 34.6 4881 35-7 1856 33.8 
3 3098 33-6 659 32.0 4218 33-6 1057 29.3 
4 2638 33-5 205 34-1 3353 29.2 501 25.9 
5 2012 33-4 117 33-3 2504 29.7 190 25.8 
6 1655 33-4 53 32.1 1645 30.2 83 22.9 
7 1517 35.2 43 34.9 1098 27.7 15 26.7 
8 9053 32.9 13 46.2 776 30.1 4 0.0 
9 776 32.6 16 18.7 456 31.8 _ _ 
10 517 33.8 _ — 205 27.8 _ — 
II-12 1002 32.2 _ _ 378 29.4 _ = 
13-14 582 34.2 _ _ 108 38.9 _ = 
15-16 201 33.8 — _ 51 27.5 _ _ 
17-18 62 38.7 _ _ 18 38:9 me = 
19-20 2 50.0 _ — 4 50.0 — _ 
21 _ oo — a 3 0.0 _ _ 





Total 20,069 33.245 3804 32.94 23,605 32.76 5476 33-07 
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Most of the Bare homozygotes and all Curly homozygotes die. The 
viability and the development rates of the wild type flies obtained in the 
offspring of intercrosses are normal by definition. The viability and the 
development rates of the Bare and the Curly flies may or may not be 
normal; if they are normal, the intercrosses should produce offspring con- 
sisting of wild type and of Bare or Curly flies in the ratio 33.3 percent to 
66.7 percent, respectively. Any deviation from this ratio would indicate 
that the viability or the development rate of the Bare or Curly heterozy- 
gotes differ from the standard (fig. 2). 
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FicurE 2.—Hatching rates of wild type individuals in the control experiments involving Bare 
(above) and Curly (below). Horizontal axis, days of hatching; vertical axis, percentage wild type 
(left) and deviation from the ideal ratio of 33.3 percent (right). Broken lines show the limits of a 
single standard error from the ideal ratio; the black circles and the solid lines connecting them 
show the observed frequencies of the wild type classes. It is obvious that in the second chromosome 
cultures the frequencies of wild type never deviate significantly from the ideal ratio and that in 


the fourth chromosome cultures the wild type class is commoner in the early than in the late 
hatches. 


It is possible that the viability and the development rates of Bare and 
Curly flies are influenced by the population density in the cultures. Ac- 
cordingly, the data for the cultures producing more and fewer than too 
flies are given separately in table 1. The total numbers of flies that hatched 
on different days in each class of cultures and the percentages of the wild 
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type flies among them are indicated. Examination of table 1 shows that, 
in the totals, the percentages of wild type flies obtained in intercrosses 
involving the second chromosomes are 33.24 +0.33 and 32.94+0.76, re- 
spectively, in the cultures with more and with fewer than too flies. In all 
intercrosses involving second chromosomes, 23,873 flies have been ob- 
tained, and 33.196+0.305 percent of them were wild type. It follows that 
flies heterozygous for the upt bx Ba gl inversion chromosome possess normal 
viability (the observed deviation from the ideal ratio of 33.333 percent is 
obviously not significant). For the fourth chromosomes, the cultures with 
more than 100 flies in each gave 32.76 +0.31 and those with fewer than 100 
flies gave 33.07 +0.64 percent wild type. The totals are 29,081 flies and 
32.822 +0.276 percent wild type. The latter figure differs by less than twice 
its standard error from the ideal 33.333 percent; hence, the inc hk Cy 
inversion chromosome does not affect the viability of heterozygotes. 

It is important to ascertain whether the conclusion that the Bare and 
Curly chromosomes have no effects on the viability holds not only for the 
totals but also for individual cultures. It is conceivable that some of the 
wild strain contain modifiers which interact with Bare or with Curly in 
such a way as to enhance or to depress the viability of these mutants; some 
of the intercrosses may have carried identical second or fourth chromo- 
somes making the wild type class homozygous rather than heterozygous 
(cf. p. 466). The simplest method to test the homogeneity of the results 
obtained in different cultures would be to compute chi-squares for each 
group of them and for the totals. However, for reasons which will appear 
later, we prefer to classify the cultures according to the magnitude of the 
deviation from the theoretical ratio observed in them. The theoretical 
ratio is, of course, 33.33 percent; the standard deviation, ¢, depends upon 
the number of the flies obtained in each culture. The deviation observed 
in each culture is expressed in fractions or multiples of the standard devia- 
tion, and the cultures are classified accordingly. The total numbers of the 
intercrosses made are 161 for the second and 227 for the fourth chromo- 
somes. The distribution of the cultures is shown in table 2. The expected 
numbers of cultures displaying deviations of various grades are calculated 
with the aid of tables of the normal integral of probability; these numbers 
are given in table 2. 

The observed distribution of the second chromosome cultures agrees 
very closely with the expectation; the array of the intercrosses is homo- 
geneous. The fourth chromosome cultures do not show an equally good fit 
(table 2); approximately six cultures have produced fewer wild type flies 
than they were expected to produce. Unfortunately, the particular inter- 
crosses which gave these aberrant results could not be repeated. It may 
be relevant to note that in only one of the six intercrosses did one of the 
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parents carry a fourth chromosome lethal, and that five out of the six 
cultures had fewer than 50 flies each. The fourth chromosome intercrosses 
may be considered to be reasonably uniform. 

The development rates of the Bare and Curly flies must now be examined 
(table 1, fig. 2). Although the eggs in all the cultures were deposited within 
a period of approximately 24 hours, the hatching of the adults continued 
sometimes for as long as twenty days. In cultures producing fewer than 
100 flies, more than go percent of individuals hatch within four days from 
the date of emergence of the first adult, and no flies appear after nine days. 
In cultures with more than 100 flies, only slightly more than 50 percent of 
the flies hatch in four days. The frequencies of the Bare and wild type 
flies, however, are uniform in the early and in the late hatches (fig. 2). The 
x* for the cultures with more than 100 flies corresponds to the probability 
of between 0.2 and 0.1; the x? for cultures with fewer than 1oo flies is 
smaller still (probability o.7—-0.5). The conclusion follows that Bare flies 
have, within the limits of experimental errors, the normal development 
rate. Inspection of the data for individual cultures fails to disclose any 
intercrosses with a striking inequality of the development rates of Bare 
and wild type flies. 

The situation is distinctly different in the intercrosses involving the 
fourth chromosomes (table 1, fig. 2). The frequency of the wild type class 
is greatest in the early hatches and drops progressively toward the end of 
the hatching period. As disclosed by x? tests, the deviation from random- 
ness is very significant (probability, hoth for cultures with more and with 
fewer than 100 flies, is much less than 0.01). It follows that the inc hk Cy 
inversion chromosome slows down the development of its carriers to defi- 
nitely below the normal rate. It is interesting to recall that, as shown 
above, the same chromosome does not alter the viability. 

Before completing the discussion of the control experiments, it may be 
noted that the fertility of the flies carrying Curly is distinctly below that 
of the Bare flies. Although this fact was noticed early in the work, and 
consequently the number of Curly parents placed in each culture bottle 
made greater than that of Bare parents (see above), the average output of 
the flies in the second chromosome control bottles turned out to be 148.3 
and in the fourth chromosome bottles 128.1 flies. The Curly chromosome 
is completely lethal to homozygotes. The homozygous upt bx Ba gl flies 
(fig. 1) sometimes survive but are greatly delayed in hatching. A total of 
483 of these homozygotes have been recorded in the intercrosses, but they 
are not included in table 1. The suppression of crossing over by the in- 
version in the Bare second chromosome is incomplete. Bare glass and up- 
turned Bare flies appear in the cultures; 65 of the former and ten of the 
latter have been recorded (in table 1 and in all calculations these cross- 
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overs are included in the non-wild type class). The inversion associated 
with Curly likewise permits some crossing over to take place. Incomplete 
hook Curly flies appear in the cultures with a frequency close to one per- 
cent, but in our records they have not always been separated from the 
Curly class. 


VIABILITY OF HOMOZYGOTES 


The numbers of the wild second and wild fourth chromosomes analyzed 
are 326 and 352, respectively (table 3). In the experiments involving second 
chromosomes 247,010 flies were classified and counted; the corresponding 
figure for the fourth chromosomes is 249,468 flies. The average numbers of 
flies used to analyze a chromosome are therefore 757.6 for a second and 
708.7 for a fourth; the numbers varied greatly from chromosome to chro- 
mosome but only very seldom did they fall below 100. Except in the 
preliminary experiments, the outcomes of which are included in table 4 
but not in table 3, sets of at least four and sometimes of as many as twenty 
cultures were used to investigate the properties of each chromosome. The 
total output of the flies in all cultures of a set was used to characterize a 
given chromosome. Hence, the figures entered in tables 3 and 5 refer not 
to separate cultures but to chromosomes. Different cultures of a set usually 
agree with each other fairly well, but owing to sampling errors some dis- 
agreements have been observed. In cases of disagreement between cul- 
tures, the experiments were repeated by raising more and more cultures, 
until a reasonably clear decision regarding each chromosome could be 
reached. 

The effect of the gene contents of a chromosome on the viability of the 
homozygotes is measured by determining the frequency of the wild type 
flies appearing in the cultures of F; or further generations (fig. 1). The 
control experiments (tables 1 and 2) have shown that for our purposes the 
viability of the Bare and Curly flies may be taken to be normal. Therefore, 
provided that the wild chromosomes do not modify the viability of homo- 
zygotes, the frequency of the wild type class in the cultures should be, 
within limits of experimental errors, close to 33.33 percent. Actually, the 
frequency of wild type varied from o to 38.14 percent for the different 
chromosomes analyzed (table 3). 

The non-appearance of the wild type class (the zero group in table 3) 
indicates that the chromosome involved in a given set of cultures is lethal 
to homozygotes. Table 3 shows that 33 second and 35 fourth chromosomes 
contained lethals. Cultures with less than 4 percent wild type are rather 
frequent; those with from 4 to 20 percent are relatively infrequent; those 
with from 20 to 38 percent are common and form a skewed distribution 
with a mode in the 30-32 or the 32-34 percent class (table 3). 
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A semilethal chromosome is defined as one which, in our experiments, 
causes death of more than half of the homozygotes. Hence, appearance of 
more than o but less than 16.7 percent wild type is evidence that the 
chromosome involved carries a semilethal. As many as 33 second and 54 
fourth chromosomes carry semilethals (table 3). The distinction between 
lethals and semilethals, however, is not reliable. Some semilethal homozy- 
gotes survive very rarely, thus simulating lethals. The incomplete sup- 
pression of crossing over in the second and fourth chromosomes by the 
inversions used (see above) may lead to production of some wild type 
individuals in cultures in which the chromosome tested is completely lethal. 
Although semilethal homozygotes are very frequently abnormal in the 
phenotype, this rule has so many exceptions that it cannot be used to 
distinguish the lethals from the semilethals. We are confident that some of 
the chromosomes recorded in table 3 as extreme semilethals (the classes 
o-2 and 2-4 percent) properly belong in the class of complete lethals. 
Figures for combined frequencies of lethals and semilethals are most re- 
liable. Since weak semilethals (the classes with from 6 to 16.7 percent wild 
type) are on the whole rare, the arbitrary definition of the upper limit of 
semilethality does not introduce an important source of error. It may be 
noted in this connection that the frequencies of “lethals” given by many 
investigators of Drosophila genetics (particularly by students of mutation 
rates in D. melanogaster) are to be interpreted to refer to combined fre- 
quencies of lethals and semilethals, regardless of whether the authors con- 
cerned do or do not make an explicit statement to that effect. 

A summary of the combined frequencies of lethals and semilethals is 
given in table 4. In constructing this table, we have made use not only of 
the data included in table 3 (which are referred to as.the “main experi- 
ment”) but also of the information obtained in a preliminary experiment 
in which only a single F; culture was raised to test each chromosome. Such 
data are satisfactory for determination of the frequencies of lethals and 
semilethals but not of minor viability modifiers. The apparent variations 
of the frequencies of lethals and semilethals from locality to locality (table 
4) are not significant: the x? for the second chromosomes has a probability 
of between o.9 and 0.8, and that for the fourth chromosomes 0.5 to 0.3. 
The data, consequently, may be treated as a unit; lethals or semilethals 
are present in 21.27+1.80 percent of the wild second and in 25.50+2.17 
percent of the wild fourth chromosomes tested. 

The chromosomes giving more than 16.7 percent wild type must now be 
considered (table 3). Many of them show significant deviations from the 
ideal frequency of 33.3 percent wild type. Some of these chromosomes 
carry genetic factors that produce deteriorations or improvements of via- 
bility. Examination of the raw data on which table 3 is based (which can- 
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TABLE 4 


Combined frequencies of lethals and semilethals (in percentage). 

















SECOND CHROMOSOMES FOURTH CHROMOSOMES 
LOCALITY 
LETHALS AND CHROMOSOMES LETHALS AND CHROMOSOMES 
SEMILETHALS EXAMINED SEMILETHALS EXAMINED 
Preliminary experiment 
Wildrose 24.2 62 —_ — 
Andreas A 16.7 12 — — 
Pinon A 35-7 28 _ —_ 
Keen D 19.1 89 20.0 15 
Kaibab _ _— 18.9 37 
Main experiment 
Andreas A 18.3 112 19.7 122 
Pinon A 21.3 122 25.4 134 
Keen A 16.0 25 $Y.2 16 
Keen D 20.9 43 31.4 67 
Santa Barbara 20.8 24 38.4 13 
Total 21.27 517 25.50 404 





not be published on account of their bulk) discloses that all sets of cultures 
giving less than 26 percent wild type in the total deviate from the expecta- 
tion by more than three standard errors. There are 27 second and 59 
fourth chromosomes of this kind (table 3). Among the sets of cultures 
which produce more than 26 but less than 33.3 percent wild type, there are 
1o and 27 sets in the experiments involving the second and the fourth 
chromosomes, respectively, which deviate from the expectation by more 
than three standard errors. Summing up, 37 second and 86 fourth chromo- 
somes may safely be classed as carrying genetic factors which reduce the 
viability of homozygotes to an extent which is perceptible but is not great 
enough to fall within the range of semilethality. In percentages, this means 
11.3 of all the second and 24.4 of all the fourth chromosomes. Finally, 
some cultures have given more than 33.3 percent wild type (table 3). 
Among these, there are four second and two fourth chromosomes which 
deviate from the expectation by more than three standard errors. Thus, 
1.2 percent of the second and 0.6 percent of the fourth chromosomes con- 
tain modifiers which enhance the viability of homozygotes above the 
standard. 

The figures for the frequencies of the plus and minus viability modifiers 
arrived at above are patent underestimates. It is a convention that only 
those deviations which are three or more times greater than their standard 
errors are considered significant. Yet, in a normal curve 99.74 percent of 
the variants lie within and 0.26 percent lie outside the limits of three 
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standard errors from the mean. Hence, it is certain that some of the 
chromosomes which give deviations of less than three standard errors from 
the ideal ratio modify the viability of homozygotes to a perceptible extent. 
The problem confronting us is not so much to find out which particular 
chromosomes produce deteriorations or improvements of the viability as 
it is to estimate the frequencies of such chromosomes in the populations 
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FIGURE 3.—The observed (solid lines) and the theoretical (broken lines) deviations from the 
ideal ratios of the wild type class. Horizontal axis, deviations expressed in fractions of o; vertical 
axis, numbers of chromosomes showing these deviations. 


studied. The following method is suitable for this purpose. The deviation 
from the ideal ratio of the wild type class is expressed in terms of fractions 
or multiples of the standard deviation. The deviations produced by the 
different chromosomes examined are entered in table 5 to form an observed 
distribution. With the aid of the tables of the probability integral an ex- 
pected distribution is then computed. These distributions may now be 
compared (fig. 3). A note must be taken of the fact that in preparing table 
5 we have disregarded the chromosomes that contain lethals and semi- 
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lethals. These chromosomes obviously do not belong to the part of the 
distribution shown in table 3 which centers on the 30-32 or the 32-34 
percent classes. For the second chromosomes we took the ideal ratio to be 
33-33 percent, and for the fourth chromosomes the ratio 32.82 percent 
observed in the control experiments. 

The numbers of chromosomes included in table 5 are 260 and 263 second 
and fourth chromosomes, respectively. Comparison of the observed and 
the expected distributions (fig. 3) reveals that the former are definitely 
displaced in the minus direction. The extreme plus variants, however, are 
observed somewhat more frequently than they are expected to occur by 
chance. If superimposed on each other (fig. 3), the observed and the ex- 
pected distribution curves have a large area in common, and a large area 
on the left and a small one on the extreme right which are covered by the 
observed but not by the expected distributions. This displacement of the 
observed with respect to the expected distribution furnishes estimates of 
the numbers of chromosomes that contain genetic factors depressing or 
enhancing the viability of homozygotes. Adding up the differences between 
the observed and the expected distributions shown in table 5, we find that 
68.7 second and 143.3 fourth chromosomes, or 21.1 and 40.7 percent, 
respectively, contain unfavorable viability modifiers. On the other hand, 
4.4 second and 1.7 fourth chromosomes, or 1.3 and o.5 percent, respec- 
tively, contain favorable viability modifiers. Be it noted that even this 
method underestimates, rather than overestimates, the frequencies of the 
viability modifiers. In computing the expected distribution curves we have 
taken all the chromosomes not containing lethals or semilethals to be mem- 
bers of the distribution; actually the chromosomes giving rise to from 16.7 
to 26 percent wild type are known beforehand to contain significant devia- 
tions from the normal viability. 


DEVELOPMENT RATE OF HOMOZYGOTES 


Since the oviposition in all the experimental cultures was restricted to 
about 24 hours, and since the flies hatching in them were counted daily 
or on alternate days, the data permit the detection of genetic factors that 
modify the development rate. If flies homozygous for a given wild chromo- 
some require as much time to complete their development as normal flies 
do, the frequencies of the wild type class in the different hatches in any 
given cultures will be uniform within limits of the experimental error. If 
homozygotes develop more slowly than their heterozygous sibs, the fre- 
quency of wild type will be lower in the early than in the late counts. 
Contrariwise, acceleration of the development of homozygotes will produce 
a progressive decline of the frequency of wild type from the early to the 
late counts. In our experiments the wild type homozygotes are being com- 
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pared to their Bare and Curly sibs; the control experiments (table 1) have 
demonstrated that Bare flies have the standard development rate, while 
Curly develop more slowly. 

Determination of the development rates of flies homozygous for wild 
second chromosomes is relatively simple. The numbers of wild and of all 
flies having hatched on the first, second, and on all subsequent days in all 
cultures representing a given chromosome are summed up. To decide 
whether or not the proportions of the wild type class observed on successive 
days deviate significantly from the proportion observed in the total, a chi- 
square test is made. If the observed ora greater deviation from homogeneity 
is expected to occur by chance in more than 5 out of 100 trials, the develop- 
ment rate is considered normal. Otherwise, the chromosome is regarded 
as either slowing or accelerating the development of homozygotes; the sign 
of the modification is, of course, determined by inspection of the data. 
Some development rate modifications are so striking that no statistical 
tests are necessary. 

The chromosomes that retard the development are classified as being 
either slow or very slow. This classification is artificial. In cultures in which 
the wild type class is homozygous for a “very slow” second chromosome, 
the first two counts (or at least the first count if it contains more than 20 
percent of the flies hatching in the given bottle) consist of Bare flies only. 
The “slow” class includes all significant minus deviations from the normal 
development rate which do not fall in the “very slow” class. Table 6 gives 
an illustration of the hatching rates in normal, slow, and very slow cultures. 
Pinon A 824 is normal, Pinon A 842 is just significantly slow (probability 
0.05-0.02), and Pinon A 823 is very slow. 

The numbers of the wild second chromosomes examined for viability and 
for development rate modifications are 326 and 274, respectively. The 
difference is due to the chromosomes which carry lethals and extreme 
semilethals being useless as far as studies on the development rates are 
concerned. Among the chromosomes free of lethals and extreme semi- 
lethals (table 7), 45.6 percent produce no significant modification of the 
development rate, 43.4 percent are slow, and 10.6 percent are very slow. 
A single chromosome (0.4 percent of the total) produces an acceleration 
of the development. The results obtained in populations of different lo- 
calities are tolerably uniform. 

Since Curly slows down the development of its carriers, the detection of 
the development rate modifiers in the wild fourth chromosomes is labo- 
rious. In many cultures the frequency of the wild type class is greatest in 
the early counts and diminishes in late counts. Taken at face value, such 
cultures may be suspected of having wild fourth chromosomes which ac- 
celerate the development of homozygotes; the suspicion is invalid unless 
it can be demonstrated that the wild type homozygotes develop not only 
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TABLE 6 
Examples of modification of the development rate. The development rate of individuals homozy- 
gous for the chromosome Pinon A 824 is normal, thai of Pinon A 842 homozygotes is slow, and that of 


Pinon A 823 homozygotes is very slow. The column marked “%” indicates the observed percentage of 
wild type; the column marked “n” gives the total number of flies. 















































DAY NUMBERS OF THE CULTURES 
CHROMO- OF TOTAL 
SOME HATCH- NO. I NO. 2 NO. 3 NO. 4 NO. 5 % n 
ING % n % n % n % n % n 
I 13-3 15 0.0 4 57-1 7 33-3 27 35-3 17 30.0 7° 
2 33-3 39 26.9 134 32-4 34 43-6 39 12.1 33 29.0 279 
3 38.4 52 38.0 79 22.6 31 29.0 31 25.0 44 $2.5 237 
4 64-7 17 35-7 14 34-4 61 42-5 73 14-3 21 38.2 186 
Pinon A 824 5 25.0 8 — _ 33-3 27 44-4 9 0.0 I 33-3 45 
6 44-4 9 = _ 28.6 7 = ~ — = 37-5 16 
7 33-3 6 — 33-3 3 = — = — 33-3 9 
Total 37-0 146 30.7 231 32.4 170 39-1 179 20.7 116 32.5 842 
I 33-3 3 17-9 39 25.0 4 14-3 35 0.0 3 16.7 84 
2 37-3 88 47-3 38 33-3 30 30.0 30 50.0 2 36.9 «Ir 
3 100.0 I 0.0 I 39-0 41 37-5 40 15.0 40 30.9 123 
4 > = 50-0 4 33-3 33 50.0 2 38.5 109 37-8 148 
Pinon A 842 5 — a — _— 0.0 I 46.9 32 33-3 3 44-4 36 
Total 33-3 15 32.9 82 34-9 109 32.4 139 31.9 157 32-9 502 
I 0.0 12 °.°0 I °o.°0 3 °.°0 7 0.0 2 0.0 25 
2 0.0 8616 0.0 5 0.0 6 0.0 23 °.0 15 0.0 65 
3 °.0 10 4.8 2 0.0 5 -O 47 0.0 27 °.9 «10 
4 7.9 13 13-5 37 0.0 Il 10.1 69 3.3 30 8.8 160 
5 3-7 27 21.9 114 2.4 41 29.6 27 10.0 50 15.4 259 
6 36.3 22 47-5 40 ©.0 50 66.7 18 34-6 81 31.8 211 
7 85.7 7 54.8 31 5.9 51 100.0 10 64.8 54 46.4 153 
Pinon A 823 8 93-2 15 77.8 9 12.3 65 100.0 17 100.0 36 57-7 142 
9 85.7 7 77.8 9 43-6 103 100.0 18 83.3 12 57-7 149 
10 100.0 2 100.0 2 7.3 & 100.0 3 90.9 II 81.0 79 
II 100.0 2 100.0 I 92.8 28 _— — _ — 93-5 3r 
12 _ _- _ _ 100.0 9 _ _ - _ 100.0 9 
13 - =—_ — —_= 100.0 I sae! =—= — — 100.0 I 
Total 30.1 133 31.1 270 32-3 434 31.4 230 39-3 318 33-3 1304 
TABLE 7 
Effects af wild second chromosomes on the development rate of homozygotes. 
SANTA 
ANDREAS A PINON A KEEN A KEEN D TOTAL 
BARBARA 
Normal 48 42 8 17 10 125 
Slow 37 47 12 16 7 119 
Very slow 10 12 2 2 3 29 
Fast I -- _— — - I 
Total 96 91 22 35 20 274 





faster than their Curly sibs but also faster than normal flies. The control 
data furnish a standard of comparison (table 1). The ratios of the Curly 
and wild type flies to be expected on any day of hatching in cultures in 
which the wild type class has the normal development rate are known. The 
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pared to their Bare and Curly sibs; the control experiments (table 1) have 
demonstrated that Bare flies have the standard development rate, while 
Curly develop more slowly. 

Determination of the development rates of flies homozygous for wild 
second chromosomes is relatively simple. The numbers of wild and of all 
flies having hatched on the first, second, and on all subsequent days in all 
cultures representing a given chromosome are summed up. To decide 
whether or not the proportions of the wild type class observed on successive 
days deviate significantly from the proportion observed in the total, a chi- 
square test is made. If the observed ora greater deviation from homogeneity 
is expected to occur by chance in more than 5 out of 100 trials, the develop- 
ment rate is considered normal. Otherwise, the chromosome is regarded 
as either slowing or accelerating the development of homozygotes; the sign 
of the modification is, of course, determined by inspection of the data. 
Some development rate modifications are so striking that no statistical 
tests are necessary. 

The chromosomes that retard the development are classified as being 
either slow or very slow. This classification is artificial. In cultures in which 
the wild type class is homozygous for a “very slow” second chromosome, 
the first two counts (or at least the first count if it contains more than 20 
percent of the flies hatching in the given bottle) consist of Bare flies only. 
The “slow” class includes all significant minus deviations from the normal 
development rate which do not fall in the “very slow” class. Table 6 gives 
an illustration of the hatching rates in normal, slow, and very slow cultures. 
Pinon A 824 is normal, Pinon A 842 is just significantly slow (probability 
0.05—-0.02), and Pinon A 823 is very slow. 

The numbers of the wild second chromosomes examined for viability and 
for development rate modifications are 326 and 274, respectively. The 
difference is due to the chromosomes which carry lethals and extreme 
semilethals being useless as far as studies on the development rates are 
concerned. Among the chromosomes free of lethals and extreme semi- 
lethals (table 7), 45.6 percent produce no significant modification of the 
development rate, 43.4 percent are slow, and 10.6 percent are very slow. 
A single chromosome (0.4 percent of the total) produces an acceleration 
of the development. The results obtained in populations of different lo- 
calities are tolerably uniform. 

Since Curly slows down the development of its carriers, the detection of 
the development rate modifiers in the wild fourth chromosomes is labo- 
rious. In many cultures the frequency of the wild type class is greatest in 
the early counts and diminishes in late counts. Taken at face value, such 
cultures may be suspected of having wild fourth chromosomes which ac- 
celerate the development of homozygotes; the suspicion is invalid unless 
it can be demonstrated that the wild type homozygotes develop not only 
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TABLE 6 
Examples of modification of the development rate. The development rate of individuals homozy- 
gous for the chromosome Pinon A 824 is normal, that of Pinon A 842 homozygotes is slow, and that of 


Pinon A 823 homozygotes is very slow. The column marked “%” indicates the observed percentage of 
wild type; the column marked “n” gives the total number of flies. 












































DAY NUMBERS OF THE CULTURES 
CHROMO- OF TOTAL 
SOME HATCH- NO. I NO. 2 NO. 3 NO. 4 NO. 5 % n 
ING % n % n % n % n % n 
I 13-3 5 0.0 4 s7-3. 7 33-3 27 35-3 17 30.0 70 
2 33-3 30 26.9 134 32.4 34 43-6 30 6.2 38 29-0 279 
3 38.4 5§2 38.0 79 20.6 95 29.0 31 25-0 44 32.5 237 
4 64-7 17 35-7 14 34-4 61 42-5 73 14.3 21 38.2 186 
Pinon A 824 5 25.0 8 ~ o 33-3 27 44-4 9 0.0 I 33-3 45 
6 44-4 9 -- — 28.6 7 _— — — _ 37-5 16 
7 $5.3 6 _-_ — -8-. 3 _- — _-_ = 33-3 9 
Total 37-0 146 30.7 231 32.4 170 39-1 179 20.7 116 32.5 842 
¥ 33-33 17-9 39 25-0 4 14-3 35 0.0 3 16.7 84 
2 27.3 11 47-3 38 33-3 30 30.0 30 50.0 2 36.9 111 
3 100.0 I 0.0 I 39-0 41 37-5 40 15.0 40 30.9 123 
4 = - 50.0 4 33-3 33 50.0 2 38.5 109 37-8 148 
Pinon A 842 5 —- _ — ~ 0.0 I 46.9 32 33-3 3 44-4 36 
Total $8.3 5 32.9 82 34-9 109 32.4 1390 31.9 157 32.9 502 
I 0.0 12 0.0 I 0.0 3 0.0 7 0.0 2 0.0 25 
2 0.0 «616 0.0 5 0.0 6 0.0 23 0.0 15 0.0 65 
3 °.0 10 4-8 2 0.0 5 0.0 47 0.0 27 °.9 = «ITO 
4 7-7 13 13-5 37 0.0 «6©IT 1Io.t 69 3:3 30 8.8 160 
5 3-7 37 21.9 114 sa @ 29.6 27 10.0 50 15.4 259 
6 36.3 22 47-5 40 ©.0 50 66.7 18 34.6 81 31.8 211 
7 85.7 7 54-8 31 5-9 51 100.0 10 64.8 54 46.4 153 
Pinon A 823 8 93-2 15 77.8 9 2.3 65 100.0 17 100.0 36 57.7 48 
9 85.7 7 77.8 9 43-6 103 100.0 18 83.3 12 57-7 149 
10 100.0 2 100.0 2 77-1 61 100.0 3 90-9 II 81.0 79 
II 100.0 2 100.0 I 92.8 28 _ — —_ = 93-5 31 
12 — -- — -- 100.0 9 -= = _- -- 100.0 9 
13 _ — — ~- 100.0 I — _ -- -- 100.0 I 
Total 30.1 133 St.t 270 §2.§ 486 31.4 239 39.3 318 33-3 1304 
TABLE 7 
Effects of wild second chromosomes on the development rate of homozygotes. 
SANTA 
ANDREAS A PINON A KEEN A KEEN D TOTAL 
BARBARA 
Normal 48 42 8 17 10 125 
Slow 37 47 12 16 7 119 
Very slow 10 12 2 2 3 29 
Fast I - _ — == I 
Total 96 QI 22 35 20 274 





faster than their Curly sibs but also faster than normal flies. The control 
data furnish a standard of comparison (table 1). The ratios of the Curly 
and wild type flies to be expected on any day of hatching in cultures in 
which the wild type class has the normal development rate are known. The 
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numbers of wild type flies expected to appear on different days in cultures 
involving tests of wild fourth chromosomes in homozygous condition may 
be calculated; the expected and the observed numbers are then compared 
with the aid of the chi-square test. 

A complication arises because the viability of the wild type class homo- 
zygous for wild fourth chromosomes is frequently below normal. Wherever 
the viability is close to the norm (cultures giving 30 to 36 percent wild 
type), the control expectations (table 1) may be used directly. Depending 
upon whether the hatching of the flies in the experimental cultures was 
complete in less or in more than seven days from the emergence of the first 
adult, one or the other of the two columns of frequencies of wild type 
shown in table 1 is used in calculations. But where a given fourth chromo- 
some produces an appreciable modification of the viability of homozygotes, 
the expected frequencies of the wild type class taken from table 1 have to 
be adjusted to the abnormal segregation observed in the experimental cul- 
tures. All these corrections and adjustments introduce sources of error in 
the final computations, making the data on the fourth chromosomes less 
reliable than those on the second chromosomes. With this reservation, we 
may consider the summary of the data on the fourth chromosomes given 
in table 8. 

TABLE 8 


Effects of wild fourth chromosomes on the development rate of homozygotes. 








SANTA 





ANDREAS A PINON A KEEN A KEEN D TOTAL 
BARBARA 
Normal 68 68 8 35 II 190 
Slow 30 29 2 12 _ 73 
Very slow 5 II 2 2 _ 20 
Fast 4 3 _ 2 I 10 
Total 107 III 12 51 12 293 





Among the 293 wild fourth chromosomes which were free of lethals and 
extreme semilethals, 64.9 percent proved to be normal, 24.9 slow, 6.8 very 
slow, and 3.4 percent faster than normal. The distinction between the 
“slow” and the “very slow” classes among the fourth chromosomes is even 
more arbitrary than it is in the case of second chromosomes. 


RELATIONS BETWEEN VIABILITY AND DEVELOPMENT RATE 


A large proportion of the wild second and wild fourth chromosomes in 
the natural populations examined proved to contain genetic factors which 
modify the viability or the development rate of homozygotes. An inquiry 
must now be made into the possible relationships of these variables. It 
does not seem unlikely that modifications of the viability and the develop- 
ment rates are different expressions of the same genetic factors. A type 
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that develops slowly may be at a disadvantage in crowded cultures com- 
pared to its more rapidly developing sibs and may therefore display a 
reduced survival rate. To test this possibility, the wild second and the wild 
fourth chromosomes engendering normal, slow, very slow, and fast de- 
velopment of the homozygotes have been classified according to their via- 
bility records (that is, according to the percentage of the wild type class 
which they produce in the cultures). The results are summarized in table 9g. 


TABLE 9 


Relationships between viability and development rate. The figures indicate numbers of chromosomes 
producing various percentages of wild type. 
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It is obvious that there is no necessary relationship between the via- 
bility and the development rate. Some semilethals develop normally, others 
are slow or very slow. The viability of some homozygotes which develop 
very slowly is normal (see, for example, the record of the chromosome 
Pinon A 823 reproduced in table 6). Nevertheless, the very slow chromo- 
somes taken as a group give a distribution of viabilities which is shifted in 
the minus direction compared to the distributions of the normal and slow 
chromosomes (table 9). The data in table 9 may be used to calculate the 
average viabilities of homozygotes possessing different development rates. 
Such calculations give the following results: 


Second Fourth 
Development rate 
chromosome chromosome 
Normal 31.22+0.42 27.84+0.41 
Slow 30.55+0.50 25.96+0.86 
Very slow 19.48+1.80 21.00+2.30 
Fast — 27.00 + 2.26 


Under the conditions of the experiments the degree of prolongation of 
the development which we have designated as “slow” evidently does not 
result in an appreciable deterioration of the viability. On the other hand, 
the greater delays in development which fall in the “very slow” classifica- 
tion lead frequently, although not necessarily, to a reduction of the via- 
bility record. 
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Since the results scored by a chromosome in the viability and in the 
development rate classifications are largely independent, one may inquire 
what proportion of the wild second and of the wild fourth chromosomes 
studied are normal in both respects. Among the second chromosomes re- 
corded in table 9 there are 125 chromosomes with a normal development 
rate. Among these, 98 chromosomes give frequencies of the wild type class 
which differ by less than three standard errors from the ideal ratio—that 
is, 33.3 percent. Since a total of 326 second chromosomes have been 
examined (table 3), the frequency of normals is only 30.0 percent. A similar 
computation for the fourth chromosomes shows that 111 out of 352 chro- 
mosomes are normal; the frequency of normals is 31.5 percent. These are 
maximum estimates of the frequencies of normal chromosomes. As pointed 
out above, some of the chromosomes which, in our experiments, have pro- 
duced deviations of less than three standard errors from the expected 33.3 
percent undoubtedly carry viability modifiers. Likewise, some chromo- 
somes which produce development rate modifications are included in the 
allegedly normal class. 

STERILITY 


Individuals homozygous for 275 second and for 297 fourth chromosomes 
have been examined for fertility (lethals and extreme semilethals are ob- 
viously not subject to fertility tests). The technique of testing for fertility 
is as follows. About ten wild type females and males from F; cultures are 
placed together in vials for several days and then transferred to regular 
culture bottles. Appearance of offspring indicates that the homozygote is 
fertile. If no offspring appear, the test is repeated. A second failure to pro- 
duce offspring is taken as proof that the homozygote is sterile. It is evident 
that this experimental procedure does not discriminate between sterility 
which affects both sexes and that which deranges only one sex. Further- 
more, in some instances the effective sterility is due not to disturbances 
in the reproductive system itself but to extrinsic causes, such as failure of 
the adult flies to live long enough to accomplish mating and oviposition. 
As might be expected, constitutional weakness of this sort occurs chiefly 
among semilethal homozygotes. 

The frequencies of second and fourth chromosomes making homozy- 
gotes sterile are 13.5+2.1 and 8.1+1.6 percent, respectively (37 and 24 
sterile homozygotes have been recorded). The following figures convey 
some idea about correlations between sterility on one hand and viability 
and development rate on the other. Among the 37 second chromosomes 
producing sterile homozygotes, eight were semilethal; among these, three 
were recorded as being very slow, four as slow, and only one as having a 
normal development rate. Another ten sterile homozygotes had a low 
viability; among them three were very slow, six were slow, and one was 
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normal. Finally, 19 sterile homozygotes showed normal viability at least 
up to the time of emergence from the pupae; among them one showed 
very slow, nine slow, and nine normal development rates. Among the 24 
sterile fourth chromosome homozygotes, nine were semilethals with slow 
or very slow development; ten were afflicted with a low viability but had 
normal development rates; four were both low in viability and either slow 
or very slow in development; a single sterile homozygote was apparently 
normal both in viability and in development rate. Thus, although sterility 
tends to be correlated with a lowered viability, or with a slow development, 
or with both, some chromosomes seem to carry specific sterility genes. 


VISIBLE MUTANTS AND OTHER GENETIC VARIANTS 


Surviving individuals homozygous for semilethals frequently show ab- 
normalities in external morphology. These abnormalities are rarely of the 
kind which geneticists are inclined to describe as “good mutants”: flies are 
somewhat stunted, bristles are slender or minute-like, misshapen legs, 
crumpled wings, etc. Aside from these changes, 11 second and five fourth 
chromosomes have been recorded as producing visible mutant characteris- 
tics and subnormal or normal viability. One second chromosome con- 
tained a first class mutant resembling stubbloid in Drosophila melano- 
gaster; a fourth chromosome contained a dumpy-like mutant sterile when 
homozygous; another fourth chromosome gave a weakly chitinized ab- 
domen which resembled a recessive mutant found previously in the third 
chromosome of D. pseudoobscura. 

Mutants altering physiological characteristics of the adult were likely 
to be overlooked in our experiments. Two extremely interesting types, 
however, have been found. One, a second chromosome recessive, makes the 
flies extremely sensitive to etherization. A degree of etherization which 
produces a reversible narcosis in the Bare sibs kills every mutant homo- 
zygote. Etherization so slight that the Bare flies are merely stupefied but 
continue their irregular circling and jumping movements results in death 
of a majority of the mutant flies. It is to be noted that the viability of this 
mutant as measured by the Bare: wild type ratios in the cultures is only 
slightly below normal. Another second chromosome recessive which has a 
low viability (22.2 percent wild type in the cultures) and a very slow 
development rate, produces a grave derangement of the muscular co 
ordination in the homozygotes. The flies are unable to use their wings, and 
they walk very little because of a lack of co-ordination in the movement 
of the legs. When turned on the back, these flies attain the normal position 
with much difficulty. They are mostly immobile, their claws firmly grasp- 
ing the support. The females deposit mostly sterile but also a few fertile 
eggs if fertilized by normal males; the males are effectively sterile. The 
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longevity is poor. The syndrome as a whole suggests a derangement in 
the central nervous system. 


COMPARISON OF VARIABILITY IN DIFFERENT CHROMOSOMES 


The chromosome complex of Drosophila pseudoobscura includes an X 
chromosome, three rod-shaped autosomes (the second, third, and fourth), 
and a dot-like autosome (the fifth). Owing to the frequent passage of the 
X chromosome through the hemizygous state in the male, sex-linked 
mutants which lower the adaptive level of the organism in its normal 
environment must be eliminated relatively promptly. Only neutral vari- 
ants or genetic factors which express themselves differently in the two 
sexes could accumulate in the X chromosomes. The fifth chromosome is 
not yet under genetic control, but its very small size appears to preclude 
the possibility that it could carry much concealed variability. The con- 
cealed variability in the three large autosomes may reasonably be sup- 
posed to constitute practically the entire store of such variability available 
in natural populations of the species. 


TABLE 10 


Frequencies of chromosomes containing different types of genetic variants (in percentage). 








SECOND THIRD FOURTH 
CHROMOSOME CHROMOSOME CHROMOSOME 





Lethals and semilethals 21.3+1.8 13.9+1.0 oe .SE6.9 
Minus modifiers of viability a1.1+2.3 30.5 40.7+2.6 
Plus modifiers of viability 1.3 0.4 0.5 
Minus modifiers of development rate 54.0+3.0 ? $1.922.7 
Plus modifiers of development rate 0.4 ? 3-4 
Sterility factors es. 50.2 ? 8.1+1.6 
Visible mutants (minimum estimate) 4.2 4.3 1.9 





A summary of the data on the frequencies of different types of concealed 
variants in the large autosomes of D. pseudoobscura is presented in table 
10. In this table, the figures for the second and fourth chromosomes refer 
to the San Jacinto populations described in the present article. The figures 
for the lethals, semilethals, and visibles in the third chromosomes refer 
to San Jacinto populations studied by Wricut, DoBzHANSKy, and 
HovaNnitz (1942) and may safely be compared with the corresponding 
figures for other chromosomes. The viability modifiers in the third 
chromosome have not been examined with the same thoroughness as in 
the two other autosomes. The figures in table 10 are derived from the data 
of DoBzHANSKY and QUEAL (1938) reexamined with the aid of the method 
of expressing the deviation observed in a given culture in fractions of the 
standard deviation (cf. tables 2 and 5 in the present article). These data 
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pertain not to populations of Mount San Jacinto but to those of the Death 
Valley region. For this reason, and also because in the experiments of 
DoBZHANSKY and QUEAL (1938) only one or two culture bottles were 
raised to test each chromosome, the figures for the third chromosomes are 
not entirely comparable with the rest. 

The accumulation of genetic variants in natural populations is, with 
any given population structure, a function of mutation rates. In comparing 
the behavior of different chromosomes it would seem reasonable to make 
the following assumptions. (1) Genes which give rise by mutation to dif- 
ferent classes of changes (that is, lethals, viability, and development rate 
modifiers, visibles, etc.) are distributed at random in different chromo- 
somes. (2) The mutation rates of genes in different chromosomes are 
similar on the average. (3) The number of mutations that arise in each 
chromosome is proportional to the number of genes contained in that 
chromosome and, hence, to the length of the latter. 

Viewed at the metaphase plate stage, the rod-shaped autosomes of D. 
pseudoobscura and the two limbs of the X chromosome are approximately 
equal in length. In the salivary gland cells the chromosomes, however, are 
distinctly unequal. The relative lengths in the salivary gland cells are 
presumed to be more indicative of the gene numbers than are the meta- 
phase lengths. Preliminary estimates of the relative lengths of the chro- 
mosomes II, XR, IV, III, XL, and V based on measurements of the pub- 
lished drawings of these chromosomes were 10:10:8:7:5:0.5, respectively 
(HELFER 1941). To secure improved data, salivary gland cells showing all 
the chromosomes, without any of the latter being obviously more stretched 
than the others, were drawn with the aid of a camera lucida. The chromo- 
somes were then measured in the drawings by the “curvometer” measuring 
wheel. The measurements of all the chromosomes in each cell were added 
together and the lengths of the separate chromosomes expressed in per- 
centages of the total. The absolute length of the chromosomes varies 
greatly from cell to cell; the maximum total length of all chromosomes ob- 
served was 1440 micra. The relative lengths are more constant. The mean 
values obtained in the 27 measured cells are as follows (in percentage): 


XL 13.53 £0.25 II 23.84+0.41 IV 20.47 +0.30 
XR 23.46+0.41 III 17.98+0.31 V0.63 


If the assumptions stated above were correct, the frequencies of genetic 
changes found in the second, third, and fourth chromsomes would be in a 
ratio approaching 1:0.75:0.86. The data do not bear out this expectation 
(table 10). The expected frequencies of lethals and semilethals in the three 
chromsomes would be 22.1, 16.6, and 19.0 percent; the observed ones are 
21.3, 13.9, and 25.5 percent, respectively. The fourth chromosome shows 
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too high a frequency of lethals. With respect to the frequencies of the 
deleterious viability modifiers, the discrepancy is even more striking, the 
fourth chromosome again having more than its expected share. With re- 
spect to the modifiers which retard the development rate, the relations are 
reversed: the fourth chromosome has many fewer such variants than the 
second. Other classes of variants are too rare to make comparisons profit- 
able. 

The findings just stated are extremely difficult to account for. As far as 
the development rate modifiers are concerned, the observed discrepancy 
need not be taken too seriously. The technical difficulties of estimating the 
frequencies of the development rate modifiers in the fourth chromosome 
make the figure obtained for that chromosome less reliable than that ob- 
tained for the second chromosome. But there are no similar grounds on 
which to discount the discrepancies observed in the lethals and the via- 
bility modifiers. In fact, the possible sources of error in our experiments 
would all tend to produce a result opposite to that observed. The average 
number of flies per culture in tests of second chromosomes was greater than 
the corresponding figure for the fourth chromosome tests; this would tend 
to produce exaggeration of the effects of the second chromosome viability 
modifiers. The expression of Curly in heterozygotes is at times weak, 
approaching wild type. If any flies were misclassified, that would increase 
the frequency of the wild type class. The fourth chromosome of D. pseudo- 
obscura, which is for the most part homologous to the IIL chromosome of 
D. melanogaster, contains rather numerous “repeat” sections; “repeats” 
seem to be rare in the second chromosome. Since the second and the fourth 
chromosomes have been derived from the same samples collected in a 
series of localities, the discrepancy observed cannot be due to an acci- 
dental accumulation or a loss of certain classes of changes in a local 
population. It appears that only a comparative study of mutation rates in 
the second and fourth chromosomes could shed further light on the 
situation. 


BEARING OF THE DATA ON THEORIES OF HETEROSIS 


It has been known for centuries that close inbreeding frequently results 
in deterioration of the stock and that outbreeding enhances the vigor 
(heterosis). The explanation of this phenomenon adumbrated by SHULL 
(1911) and developed by Jones (1917) postulates that inbreeding leads to 
homozygosis of concealed recéssives with deleterious effects, while crossing 
covers up the recessives by their dominant alleles. Good evidence in favor 
of this view has been obtained by RicHEY and SPRAGUE (1931). EAST 
(1936) pointed out that heterotic effects may be produced by interaction 
of alleles at the same locus, but he mistakenly depreciated the importance 
of unmasking deleterious recessives as a consequence of inbreeding. 
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Studies on the genetic structure of natural populations vindicate the 
basic premise of the theory of SHULL, JoNES, RICHEY and SPRAGUE. In the 
light of these studies the theory can be restated as follows. Mutation 
. pressure introduces a certain number of mutants into the species popula- 
tion in every generation. The subsequent fate of the mutants depends upon 
their adaptive value and upon the population structure. Most mutants 
are in various degrees unfavorable. The dominant ones are eliminated by 
natural selection relatively very promptly. The recessive ones accumulate 
in populations of sexually reproducing and cross-fertilizing organisms until 
they reach equilibrium values determined by their mutation rates and by 
the population structure. For those mutants which are deleterious when 
homozygous but favorable in heterozygous condition the equilibrium 
values are necessarily higher than for those which are neutral in hetero- 
zygotes. In some species the effective population size is large enough, so 
that a great variety of chromosomes with diverse gene contents is present 
at all times in most breeding units. In such species it is the adaptive level 
of individuals heterozygous for various chromosomes which is most im- 
portant, the effects of a chromosome in homozygous condition being a 
secondary consideration. Hence, few if any homozygotes may approach 
normal cross-bred individuals in vigor. In species with smaller effective 
populations the viability of homozygotes is important. Nevertheless, owing 
to the large number of loci capable of producing deleterious mutants 
(probably several thousand), most individuals of a species in which the 
average mutation rates per locus are of the order 10~° will carry numerous 
deleterious recessive mutants. Unless the effective population size in a 
species is very small, its individual members to a greater or lesser extent 
will approach the status of balanced lethal heterozygotes. 

The data in table 10 permit certain deductions concerning the status of 
the germ plasm in individuals of Drosophila pseudoobscura in natural 
populations. Lethals or semilethals are present in 21.3 percent of the sec- 
ond chromosomes. According to Hardy’s formula, the frequencies of 
individuals carrying none, one, and two lethal or semilethal second chro- 
mosomes must be 61.9, 33.5, and 4.5 percent, respectively. Similarly, 74.1 
percent of the flies will carry none, 23.9 percent one, and 1.9 percent two 
lethal or semilethal third chromosomes. In the fourth chromosomes, 55.5 
percent of the flies will be free of lethals, and 38.0 and 6.5 percent will 
have, respectively, one and two lehtal or semilethal chromosomes. Dis- 
regarding the X and the fifth chromosomes, it may be computed that the 
percentage frequencies of flies that carry from none to six lethal or semi- 
lethal chromosomes are as follows: None, 25.5; one, 39.4; two, 25.0; three, 
8.3; four, 1.5; five, 0.14; six, 0.01. 

Apart from lethals and semilethals, many chromosomes carry genes 
which reduce the viability of homozygotes to a perceptible extent (table 
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10). Whether or not flies homozygous for such genes can survive and re- 
produce in nature is conjectural, but there is no doubt that they are dis- 
criminated against by natural selection. From the figures given in table 
10 it is possible to calculate the approximate frequencies of flies carrying 
different numbers of chromosomes harboring such genes. These frequencies 
are as follows (in percentage): None, 10.6; one, 29.5; two, 33.3; three, 
19.6; four, 6.2; five, 1.0; six, 0.06. 

Since only 25.5 percent of the flies are free of lethals and semilethals, 
and only 10.6 percent are also free of the minor deleterious recessives, the 
frequency of flies free of both is as low as 2.7 percent. Genes that reduce 
the development rate of homozygotes do not necessarily cause a con- 
comitant viability reduction under experimental conditions. Yet, the lack, 
or at any rate rarity, of slow types among the intercrosses indicates that 
in the state of nature such genes are discriminated against. The frequency 
of flies carrying no deleterious recessives of any kind must therefore be 
small indeed. The loss of vigor following inbreeding in Drosophila is un- 
derstandable. It may be noted that some Drosophila stocks kept in labora- 
tories are saved from degeneration by a selective process of which an 
investigator may be unaware. Thus, many strains of D. pseudoobscura 
descended from single females, caught in nature and kept in the laboratory 
for five and more years in small mass cultures, continue to carry two third 
chromosomes differing in the gene arrangement. In these strains individu- 
als homozygous for either chromsome are probably inferior to hetero- 
zygotes. ; 

To date, however, there is no valid reason to believe that in D. pseudo- 
obscura homozygosis for every chromosome found in natural populations 
reduces the vigor of the strain. Flies free of deleterious recessives do occur, 
though rarely. Furthermore, it would seem feasible to purge the germ 
plasm of some strains of the viability reducers. This statement must be 
qualified: our methods show only the net effects on the viability of the 
chromosomes as wholes. As pointed out by MATHER (1941), there may 
exist an intra-chromosomal balance capable of releasing additional varia- 
bility. In maize the situation seems to be different, at least on the surface. 
Inbred strains are never equal in yield to cross-bred ones, although the 
degree of degeneration following inbreeding varies greatly (R1cHEY and 
SPRAGUE 1931, and others). It might be that this difference between 
Drosophila and maize is caused by different population structures in the 
two forms. 

A few chromosomes (table 10) improve the viability of homozygotes 
compared to the standard. These chromosomes have been examined care- 
fully and have maintained their records in repeated tests. Rarity of favor- 
able. mutants was often considered an argument against the mutation 
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theory of evolution; actually, it is the presence of such mutants in natural 
populations that demands explanation. Why have such mutants failed to 
become established as the wild type condition? Two answers seem possible. 
First, the rare chromosomes that have been observed to improve the 
viability in experiments may not have similar effects in the natural envi- 
ronment. Second, natural populations may contain mixtures of genotypes 
having highest adaptive values in different environments to which the 
species is exposed owing to climatic and micro-ecological contingencies. 
That the latter possibility is realized in D. pseudoobscura is made extremely 
probable by observations on seasonal changes in the frequencies of various 
gene arrangements in the third chromosome (unpublished data). 

The technique used in the present work is contrived to detect concealed 
recessives, but the possibility is not excluded that some of the genetic 
variants found may have slight effects in heterozygotes as well. Attempts 
to test this possibility experimentally on third chromosome lethals gave 
negative results (DOBZHANSKY 1939). We have carefully examined the 
data on the second and fourth chromosomes which produce striking delays 
in the development of homozygotes (the “very slow” class, see above). 
It seemed possible that the heterozygous as well as the homozygous 
classes in such cultures take a longer time to develop than do the flies in 
cultures in which the chromosome tested gives a “normal” development 
rate in homozygotes. No indication of the existence of such dominant or 
semidominant changes, however, was found. 


SUMMARY 


Samples of natural populations of Drosophila pseudoobscura were taken 
in three localities on Mount San Jacinto, California, and in some other 
localities in California and Arizona. The effects on homozygotes of second 
and fourth chromosomes found in these samples were analyzed; 326 second 
and 352 fourth chromosomes were examined in detail. 

Lethals and semilethals were found in 21.3+1.8 percent of the second 
and in 25.5 +2.2 percent of the fourth chromosomes examined. 

As many as 21.1 + 2.3 percent of the second and 40.7 + 2.6 percent of the 
fourth chromosomes reduce the viability of homozygotes to an extent 
which falls short of semilethality; 1.3 percent of the second and o.5 percent 
of the fourth chromosomes improve the viability of homozygotes under 
the experimental conditions. 

Homozygotes for 54.0+3.0 percent of the second and 31.7 +2.7 percent 
of the fourth chromosomes have a development rate which is slower, and 
for 0.4 percent of the second and 3.4 percent of the fourth chromosomes a 
development rate which is faster than normal. 

Homozygotes for at least 13.5 percent and 8.1 percent of the second and 
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the fourth chromosomes, respectively, are sterile. Visible mutants are 
carried in at least 4.2 percent of the second and 1.9 percent of the fourth 
chromosomes. 

There seems to be no strict proportionality between the lengths of the 
chromosomes and the frequencies of various genetic variants found in 
them. 

A great majority of flies in natural populations are heterozygous for one 
or more genes which lower the adaptive level of homozygotes. Bearings of 
this fact on theories of heterosis are discussed. 
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HE cytogenetic interest in ultraviolet radiation resides in the hope 

that the qualitatively discriminating nature of this type of radiant 
energy will yield still further evidence as to the structure and behavior of 
the hereditary mechanism. It is now known that ultraviolet, like X-rays, 
can produce gene mutations and chromosomal changes; it is likewise known 
that, unlike X-rays, ultraviolet is absorbed in a definite and specific man- 
ner by the proteins and nucleic acids which constitute, as far as we are 
aware, the physical basis of the gene. The integration of these two kinds 
of investigation, the one biological and the other physico-chemical, should, 
in time, yield a more informative mass of data concerning the relationship 
between absorption on the one hand and the genic or chromosomal change 
on the other than the less discriminating ionizing types of radiation. 

The difficulties encountered in securing and measuring the effective pene- 
tration of ultraviolet make it necessary to use a variety of organisms for 
genetical and cytological analyses. The studies of STADLER and SPRAGUE 
(1936), STADLER (1939), and MULLER and MaAcKENSIE (1939) have been 
on effects visible only after the course of many cell generations, and on 
those which in diploid cells are genetically viable and hence transmissible. 
It has been shown that such studies can be confirmed and furthered by an 
analysis of the more immediate effects of ultraviolet through use of the 
pollen tube technique (SWANSON 1940a, b), which permits an analysis of 
both viable and non-viable chromosomal changes before they can be elimi- 
nated through the processes of mitotic division. 


MATERIAL AND METHODS 


Plants are more adaptable to ultraviolet investigation than are animals 
because of the comparative ease of reaching the germinal material with 
the genetically effective wave lengths. In this study a diploid clone of 
Tradescantia paludosa Anderson & Woodson was used exclusively, the 
chromosomes of the generative nucleus, dividing in pollen tubes grown on 
an artificial sugar-agar-gelatine medium, furnishing a convenient source 
of material (Plate 1, A). The technique has been previously described in 
detail (SWANSON 1940b). In this study it was modified to the extent of re- 
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placing the acenaphthene with a o.oo1 percent aqueous solution of colchi- 
cine, this solution being incorporated in the medium. 

The generative nuclei were irradiated two hours after the pollen grains 
had been dusted onto the agar medium. This, it was found, was a rather 
necessary procedure. Tradescantia pollen, unlike that of other plants such 
as maize, has a tendency to clump at the time of shedding and hence can- 
not be spread evenly in a monolayer. To avoid the screening effect brought 
about by clumping, it was necessary to delay radiation until the pollen 
tubes has grown out onto the surface of the medium and the generative 
nucleus had passed from the grain into the tube. Germination took place 
in fifteen minutes, and by two hours’ time the majority of the tubes were 
in the correct stage for exposure. This treating schedule was adhered to 
except where noted. 

Three ultraviolet sources were utilized in this study: (1) A high voltage 
discharge ‘tube (Hanovia Sc-2537) operating at 5000 volts. Eighty-five 
percent its of ratiation is of wave length 2537. A quartz water cell was used 
in conjunction with this light to filter out wave length 1849 which, although 
present in only slight amounts, was found to be particularly injurious to 
the growth of pollen tubes. At 20 cm from the tube, this light gave off ap- 
proximately 1ooo ergs/mm?/minute. Treating distances of 10 and 20 cm 
were used, but the data were lumped (table 1) since the intensity factor 


TABLE 1 


Chromatid deletions induced by ultraviolet. High voltage discharge tube (83 percent 2536 A). 











PERCENTAGE 
EXPOSURE TIME TOTAL CHR. DELETIONS 

DELETIONS 

15 sec. 1124 8 -65+.24 

30 sec. 2904 34 1.17+.19 

I min. 6426 174 4.97t2 .20 

2 min. 4314 238 5.52+.34 

4 min. 936 95 10.15+.98 





was found to be non-operative. (2) A monochromator designed for the 
treatment of maize pollen (UBER and JACOBSOHN 1938, UBER 1940). Only 
wave length 2537 was used, and doses up to 3150 ergs/mm? were given. 
Higher doses yielded too few analyzable figures per slide. (3) A mercury 
arc, fitted with 1/80 M dipheny] filters so as to permit only the passage of 
wave lengths 2967 and 3022, and longer. At 12.5 cm from the arc, the treat- 
ing distance, the energy values were 7000 ergs/mm?*/minute for the shorter 
wave length and 21,000 ergs/mm?/minute for the longer one. These latter 
figures represent approximations only. 
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ULTRAVIOLET INDUCED ABERRATIONS 


A previous study of about fifty aberrations had indicated that only 
single chromatid deletions resulted from the direct treatment with ultra- 
violet of the prophase chromosomes in the pollen tubes of Tradescantia 
(SWANSON 1940a). These deletions, so far as could be determined cyto- 
logically, were strictly terminal in nature. This conclusion has been made 
more certain by a study of more than 700 additional deletions (Plate 1, 
fig. B, C, D, E), all of which appear to be truly terminal. These data are in 
agreement with those obtained in maize where STADLER and his coworkers 
(STADLER 1939, SINGLETON 1939, SINGLETON and CLARK 1940) have 
similarly found from pachytene studies that insofar as they could deter- 
mine, the deleted portion was invariably terminal. In the pollen tubes a 
few instances were found of sister chromatids being broken at sensibly 
identical loci, but in view of their scarcity, and since such sister breaks 
have been found as frequently in control material, it seems most probable 
that they are of spontaneous origin. A number of chromatid dicentrics 
and exchanges were also found in irradiated cells, but these, again, were no 
more frequent than in the controls and revealed no relation to dosage, so 
they must likewise be considered of a spontaneous nature. 

The induced terminal deletions showed all gradations from free frag- 
ments to achromatic lesions. Most X-ray studies have disregarded aberra- 
tions of this sort because of the difficulties involved in accurate scoring, 
but since with ultraviolet treatment only single chromatid deletions are 
produced, they must be considered if any breakage data are to be obtained. 
Since the pollen tube technique does not permit analysis beyond the im- 
mediate cell division irradiated, it is uncertain as to whether achromatic 
lesions constitute true deletions. In order, therefore, to be as objective as 
possible in scoring, only those aberrations revealing a distinct separation 
between the two broken ends were considered as true deletions. 

Chromatid deletions in Tradescantia pollen tubes, whether induced by 
X-rays or ultraviolet or arising spontaneously, are rarely dislocated from 
their original position. As a rule, they remain fixed in place (Plate 1, fig. 
C, E), held, probably, by a matrix which, as will be shown later, becomes 
abnormally swollen and prominent under the action of the shorter ultra- 
violet wave lengths. Only infrequently is the deletion moved out of place 
(Plate 1, fig. B, D). 

Do these data agree with previous findings in other organisms? The most 
extensive ultraviolet investigations have been carried out by STADLER 
and SPRAGUE (1936) and STADLER (1939) on endosperm deficiencies in 
maize. These deficiencies, since they are largely of the fractional variety, 
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may be best explained by assuming that they represent chromatid losses 
comparable to those produced in Tradescantia pollen tubes. The pollen 
tube technique does not permit one to demonstrate that the chromatid de- 
letions will result in segmental deficiencies of the kind shown by SINGLE- 
TON (1939) and SINGLETON and CLARK (1940), but it seems reasonable to 
assume that they will. SrrauB (1941) has also reported deletions (Stuck- 
verliiste) in Gasteria trigonia, following treatment of mature pollen grains. 
These apparently terminal deletions, which STRAUB found to be not infre- 
quent, were losses in somatic tissue, a condition which STADLER (1939) 
finds to be of rare occurrence in maize. An explanation for this difference in 
somatic losses might logically be sought in the differential capacity of the 
plants to survive chromatin losses, but STADLER has made it quite clear 
that some other explanation must be sought to clarify the situation in 
maize. 

In addition, both STADLER and STRAUB have reported the occurrence of 
translocations following ultraviolet treatment. STRAUB’s data seem to in- 
dicate that the translocations (five in number) were of the reciprocal type, 
while the three reported by STADLER were all deficiency-translocations. 
That the absence of translocations in the dividing generative nucleus can- 
not be ascribed to an insufficiency of breaks available for illegitimate re- 
union is evident from the data in tables 1 and 5, where X-ray and ultra- 
violet deletions may be compared. However, the immovability of the 
ultraviolet induced deletions, due possibly to the inability of ultraviolet to 
break through the matrix (MULLER 1940) and to the stability of such 
broken ends (McCLINTOCK 1941), presages an absence of translocations at 
least until the release of the deletion, which in the case of the sperm nu- 
cleus would occur at the time of fertilization. This delayed formation of 
illegitimate reunions, following ultraviolet treatment, would parallel the 
delayed production of gene rearrangements in Drosophila following X-ray 
treatment (MULLER 1940, KAUFMANN 1941). It is, of course, possible that 
the occasional translocation found in the pollen tubes following irradiation 
is of an induced nature, but since the frequency is not above the sponta- 
neous rate, nothing definite can be said regarding their rate of occurrence. 

In Drosophila, MULLER and MAcCKENSIE (1939) found no chromosomal 
changes, either losses or rearrangements. This is perhaps due more to the 
lethality of even minute'losses than to total absence of such changes. 


RELATIONSHIP BETWEEN DOSAGE AND THE FREQUENCY OF BREAKS 


STADLER and UBER (STADLER 1939) have shown that for specific endo- 
sperm deficiencies, where the induced changes are most likely the result of 
chromosome or chromatid deletions, the dosage curve is essentially a linear 
one with a leveling-off at the higher doses due to saturation effects. This 
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EXPLANATION OF PLATE 1 


Photographs of the generative nucleus of Tradescantia. 

A.—Normal metaphase. 

B-E.—Ultraviolet induced deletions. 

F.—Mature pollen grain showing crescent shaped generative nucleus and the diffuse tube 
nucleus. 

G.—Generative nucleus in pollen tube two hours after germination. 

H.—Generative nucleus four hours after germination. Lower arrow points to incipient somatic 
coils; upper arrow points to region where chromosome is split. 

I.—Generative nucleus four hours after germination. Arrow indicates split chromosome. 

J.—Greatly contracted chromosomes following treatment with wave length 2536; matrix not 
visible. 

K-L.—Show development of matrices following treatment with wave-length 2536. 

M.—Late prophase; matrix just beginning to show. 
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implies the effectiveness of single quantum absorptions. To test this 
further, a series of experiments were carried out to determine the dosage 
curve for directly induced deletions. A leveling-off should not be expected, 
since all deletions would be readily detected. 

Table 1 and figure 1 summarize the data derived from a series of dosage 
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FicurE 1.—The dosage-break relationship for simple chromatid deletions in the pollen tube 
chromosomes of Tradescantia at wave length 2537. 


experiments employing the high voltage discharge tube. There can be little 
doubt of the linearity of relationship. This conclusion is further substanti- 
ated by data derived from a series of treatments using monochromatic 
light (wave length 2537). These are given in table 2. The errors are large, 


TABLE 2 


Chromatid deletions induced by ultraviolet. Monochromator. Wave length 2536. 











PERCENTAGE 
ERGS/MM? TOTAL CHR. DELETIONS 

DELETIONS 

485 2472 19 0.77 «17 
525 1008 10 ©.99+ .31 
825 1620 7 1.66+ .31 
1012 282 6 2.16+ .86 
1050 1416 21 1.48+ .32 
1650 462 12 2.60+ .74 
2024 384 8 2.08+ .73 
3000 594 27 4.544 «85 
3036 312 20 6.41+1.38 
3150 1020 52 5.10+ .69 
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due to the small number of observations, but the relationship is approxi- 
mately linear. Can one assume, however, that the same relationship holds 
throughout the genetically effective spectral range, particularly in the 
region of the genetically weaker wave lengths? This was tentatively tested 
by treatments with light composed of the last two effective wave lengths 
(a mixture of wave lengths 2967 and 3022). The data (table 3) are meager 


TABLE 3 


Chromatid deletions induced by ultraviolet. Mercury arc. Mixture of wave length 2967-3022. 











PERCENTAGE 
EXPOSURE TIME TOTAL CHR. DELETIONS 

DELETIONS 
15 sec. 1410 14 99+ .26 
30 sec. 1182 15 r87t 32 
I min. 1122 13 E.202. .§2 
2 min. 1200 31 2.58+ .45 
4 min. 462 16 3-46+ .85 
5 min. 216 II 5.09+1.49 





and not entirely conclusive, but within the dosage used, the linearity of 
effect holds. The relative ineffectiveness of the longer wave lengths is in- 
dicated by a comparison with monochromatic 2537. A dose of 3000 
ergs/mm? at wave length 2537 yields approximately 5 percent deletions. 
To produce the same number of deletions with a mixture of wave lengths 
2967 and 3022 requires a dose of approximately 35,000 ergs/mm? of the 
former plus 100,000 of the latter. It should be emphasized, however, that 
these energy data are only approximate. 

A comparison of the above data with those of STADLER (1939) shows that 
the endosperm deficiencies per unit dose of wave length 2537 are much 
greater in number than the terminal deletions in the generative nucleus. 
However, the differences in nuclei, stage of mitotic development, and 
methods of detection make it difficult to carry the comparison further. 


THE LOCALIZATION OF CHROMATID DELETIONS 


X-ray analyses of induced aberrations have revealed that the breaks 
are not randomly distributed along the chromosome arms. Some regions 
appear to be more susceptible to breakage than others. In Tradescantia 
microspores both X-ray and spontaneous breaks tend to have a greater 
proximal frequency (SAx and MATHER 1939, GILES 1940), due, according 
to these investigators, to the presence of a greater torsional strain imposed 
upon this region by the coiling mechanism. STRAUB (1941) has reported a 
similar distribution of breaks following both X-ray and ultraviolet treat- 
ment. X-radiation of the X chromosome of Drosophila revealed a more 
random break distribution, but still with a significantly higher increase 
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over expectancy in the heterochromatic proximal portion (BAUER, 
DEMEREC, and KAUFMANN 1938). KAUFMANN (1939, 1941), in a more in- 
tensive study, found that a differential break frequency obtains when par- 
ticular regions are taken into consideration and concludes that this is be- 
cause of the localized presence of heterochromatin. In Drosophila and 
Tradescantia, secondary factors, such as propinquity, movement, etc., 
probably play effective roles in obscuring the original frequency and dis- 
tribution since the aberrations scored depend upon the existence of two 
breaks followed by illegitimate reunion, whether sister or non-sister. The 
relative absence of translocations following ultraviolet treatment indicates 
that illegitimate reunions are at a minimum or occur not at all in the 
pollen tubes. The observed break frequency should therefore more nearly 
reflect the original frequency, considering the stability of the broken ends 
so induced (McCLINTOCK 1941). 

Table 4 summarizes the data compiled on the localization of simple 


TABLE 4 


Localization of chromatid deletions. 











REGION OF ARM* I 2 3 4 5 TOTAL CHR. 
UV (2536 A)t 62 109 166 134 108 579 
X-ray (dry pollen) 18 23 20 35 25 121 
X-ray (germ. 1? hrs.) 20 26 45 49 42 182 





* Proximal region of arm=1; distal region= 5. 
t These deletions from experiments using monochromator (2537 A) and high voltage dis- 
charge tube (85% 2537 A). 


chromatid deletions both for ultraviolet (wave length 2537) and X-rays. 
The X-ray data are included for the sake of comparison and because such 
deletions do not depend upon subsequent reunion for their permanence and 
expression and should therefore reveal an original distribution. X-ray treat- 
ment of the generative nucleus in the pollen grain showed the breaks to be 
more or less at random, x? revealing no significant deviation at the 5 per- 
cent level. 

On the other hand, treatment of the generative nucleus in the pollen 
tube, whether with ultraviolet or X-rays, produced a greater frequency 
of deletions in the medial and distal regions of the chromosome arms. Cal- 
culations for x? showed these departures from randomness to be statis- 
tically significant, P being less than .o1. These data are directly opposite 
to those reported in Tradescantia microspores for more complex breaks 
(Sax and MATHER 1939, GILES 1940), and in Gasteria for deficiencies 
(STRAUB 1941). The failure of the dry pollen X-ray series to reveal other 
than a random distribution may be due in part to the fact that the sample 
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is too small to show a significant departure from randomness, since on a 
percentage basis the distribution is not too far different from that in the 
ultraviolet series, but it may also be due to the lack of secondary factors, 
such as torsional strains, in the passive generative nucleus prior to its 
passage into the pollen tube. It should be emphasized at this point that 
the above considerations are based on the assumption that the degree of 
contraction of the somatic chromosomes between prophase and metaphase 
is equal in all regions. However, it is recognized that a localization of breaks 
at metaphase can occur from a random break distribution at prophase if, 
during the coiling cycle, a particular region of the chromosome contracts 
to a greater extent than the remainder of the chromosome, a condition 
known to exist, for example, in the B-chromosome of maize. On the other 
hand, the fact that in a single genus, Tradescantia, dissimilar localizations 
of breaks have been found would seem to suggest that secondary factors 
of some sort or another are operative and that these factors may not be 
the same in different types of cells. As reported in a later section, the ultra- 
violet treatment causes a marked shortening of the chromosome, which 
fact might tend to obscure or accentuate a localization of breaks, but since 
the X-ray series (germ. 1} hours) follows a similar trend, it would appear 
that a differential contraction factor cannot be used to explain the ob- 
served distributions. 


CHROMATID BREAKAGE IN RELATION TO PROPHASE DEVELOPMENT 


Experimental results have consistently shown that dividing cells are 
more susceptible to X-rays than are those in a resting condition. Investi- 
gators, however, differ as to the most susceptible period in the cycle of 
cell division insofar as chromosomal breakage is concerned. 

In the pollen tube it is possible to study rather accurately the effect of 
radiation on different stages of nuclear development by subjecting the 
generative nucleus to various forms of radiant energy at stated intervals 
after the dry grains have been dusted on the agar medium. The regularity 
of germination and of prophase development of the generative nucleus 
under artificial culture conditions permits and justifies such a procedure. 
In this study both X-ray and ultraviolet treatments were given. 

In the X-ray series, treatments were given to the dry grains just before 
they were germinated and to the generative nuclei at the 2-hour and the 
4-hour periods after germination. The chromosomes in the pollen grain, 
judging on the basis of chromatid breaks, are effectively split at least a day, 
and possibly two, prior to anthesis. X-ray-induced chromsome breaks had 
been previously reported as a result of raying mature pollen grains, and it 
had been concluded that all the chromosomes in the generative nucleus 
were not split at the time of anthesis (SWANSON 1940a, SAx and SWANSON 


CHROMOSOME BREAKAGE 499 

1941). More recent experiments show that this conclusion can no longer be 

considered valid, and any chromosome break showing itself in the pollen 
tube must be looked upon as of spontaneous origin. 

The data summarized in table 5 leave no doubt that the generative 


TABLE 5 


Chromosome aberrations induced by X-ray treatment. Dose 123.2 7.* 











CONDITION AT PERCENTAGE 
PERCENTAGE 
TIME OF TOTAL CHR. DELETIONS DICENTRICS EXCH. OF TOTAL 
DELETIONS 

TREATMENT BREAKS 
Dry pollen 1950 46 2.36+ .34 70 15 7.48+ .59 
Germ. 2 hrs. 1806 181 10.00+ .70 49 40 21.70+ .97 
Germ. 4 hrs. 456 74 16.22+1.72 II 13 24.3442.00 





* Dose given in 1 minute. 


nucleus, when in the pollen grain, is considerably more resistant to X-rays 
than is the same nucleus two or four hours later after it has entered into 
the pollen tube. This is in agreement with the previous data of Sax and 
SWANSON (1941). Susceptibility increases as prophase advances if one con- 
siders that the nucleus enters prophase as it passes down the tube, a likely 
condition since the threads become progressively more chromatic and 
distinct (Plate 1, compare F with G, H, and I). This increased susceptibil- 
ity is due largely to a continued increase in the number of terminal chroma- 
tid deletions, for it can be seen that a fall in the percentage of chromatid 
dicentrics and exchanges is found at the 4-hour period following a rise at 
the 2-hour period. The ratio of dicentrics to exchanges also varies, going 
from a 4.5:1 toa 1:1 ratio as prophase advances. 

When successive prophase stages were treated with ultraviolet, a some- 
what different situation obtains. These data are given in table 6. The dos- 


TABLE 6 
Ultraviolet induced deletions at successive prophase stages. 











HOURS AFTER PERCENTAGE 
TOTAL CHR. DELETIONS 

SOWING DELETIONS 
2 1728 92 5-32.54 

3 1404 57 4.06+ .52 

4 1020 26 2.55+.49 

5 1134 13 1.14+ .31 

9 1236 7 564.21 

II 576 2 -354.24 
13 1002 2 -20+.14 
15 1470 3 eh eS 
Control 2772 8 .28+.10 
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age (} minute exposure, 10 cm treating distance, using high voltage dis- 
charge tube) was one which yielded an appreciable percentage of deletions 
but which did not seriously retard the growth of the pollen tubes. Suscepti- 
bility to ultraviolet followed a steady and continuous decline until at eleven 
hours after germination there was no further production of detectable 
chromatid deletions due to irradiation (the spontaneous rate is around 
0.2 percent). The greatest drop, however, was found in the early prophase 
stages. 

The identical conditions of the two experiments make it possible to 
compare, in respect to prophase susceptibility to breakage, the effects of 
X-rays and ultraviolet on the pollen tube chromosomes during the 2- to 
4-hour stage after germination. The increase in percentage of deletions fol- 
lowing X-ray treatment (table 5) is in direct contrast to the decline follow- 
ing ultraviolet treatment (table 6), further emphasizing the genetically 
qualitative difference between these two types of radiation (STADLER 
1939). Whether a continued increase in deletions following X-radiation 
would result in later prophase stages is as yet undetermined, although 
SAx’s (1941, table 1) data on Tradescantia microspores would indicate 
that this might be expected. 

The work of SAx (1941), SAx and SWANSON (1941), KAUFMANN (1941), 
and others indicates that the sensitivity of cells and chromosomes to X- 
rays, based on breakage data, can best be accounted for on the basis of 
chromosome movements, propinquity of breaks, and rapidity of nuclear 
changes, but it is evident that these factors must play little part in deter- 
mining the effect of ultraviolet treatment since a decline rather than a rise 
in breakage percentage must be explained. Although the data furnish no 
clue to the problem, it seems likely that internal physical changes in the 
chromosome, the nature of which are unknown but which would effect 
absorption, determine the reactivity of the chromosome. 


THE EFFECT OF SHORT AND LONG WAVE LENGTH RADIATION ON 
THE MATRIX AND ON CHROMOSOME LENGTH 


Apart from the production of chromatid deletions, short wave length 
treatment (2537 A) has a very noticeable effect on the length of the chro- 
mosome. The greater the dose, the more contracted are the chromosomes. 
Under control conditions, Tradescantia pollen tube chromosomes generally 
possess about twenty somatic coils at metaphase, but at doses of 3000 
ergs/mm?, a nearly lethal dose at monochromatic 2537, the number of 
coils was reduced to seven to ten per chromosome. The width of the chro- 
mosome gyre was correspondingly increased. The shortness of the chromo- 
somes was striking (Plate 1, C and J) compared to the considerable length 
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of the normal ones (Plate 1, A). Apparently, the effect of short wave length 
radiation is to increase despiralization of the coiled chromonema (Swan- 
SON 1942), since the chromosomes at the time of radiation have already 
begun to coil. . 

Accompanying the shortening of the chromosome length, and possibly 
correlated with it, is the marked appearance of the matrix. This structure, 
rarely seen so clearly under normal conditions, takes the form of a trans- 
parent hyaline-mass surrounding each chromosome (Plate 1, K and L). 
The matrix becomes visible for the first time at middle or late prophase 
(Plate 1, M) and always includes both chromatids, usually holding them 
so closely approximated as to simulate a single coiled structure. Fre- 
quently the chromosome matrices fuse to form a confluent mass surround- 
ing several chromosomes, and under conditions of heavy short wave length 
radiation, appear to be unable to divide into chromatid matrices as would 
normally occur. A few of the nuclei, even after heavy doses, lack the visible 
appearance of the matrix, but these likewise have the shortened length and 
juxtaposed chromatids (Plate 1, J). This would appear to indicate that 
ultraviolet can cause a marked contraction of the chromosome without af- 
fecting the matrix, a condition which would mean that chromosome con- 
traction is a phenomenon apart from, and not dependent upon the be- 
havior of the matrix. A change in the internal condition of the chromo- 
somes, brought about by the short wave length radiation, results in an 
accentuated shortening. On the other hand, it may be that the matrix is 
present but not visible. 

Such a behavior does not take place when the longer wave lengths (a 
mixture of wave lengths 2967 and 3022) are used, even though the dosage 
in ergs may be many times as great. The chromosomes are normal in ap- 
pearance. There is no marked shortening of the chromosomes, the matrix 
is not visibly affected, and separation of the two chromatids readily takes 
place. It is probable that the matrical substance absorbs highly in the short 
wave length region, this absorption setting up a chemical reaction or 
change which leads ultimately to an abnormal contraction of the chromo- 
some and a marked appearance of the matrix. 

It is too early as yet to say much concerning the nature of the absorbing 
components of the matrix. However, SCHULTZ (1941) has shown that the 
matrix of the salivary gland chromosomes of Drosophila is readily digested 
away by ribo-nuclease, indicating that this structure depends upon the 
ribo-nucleic acid linkages for its integrity. It is possible that the ribo- 
nucleic acids, absorbing highly in the short wave length regions, may be 
responsible for the striking effect of the short wave lengths on the chromo- 


somes. 
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SUMMARY 

In addition to extending information on the capacity of ultraviolet to 
produce simple breaks in pollen tube chromosomes, the present study has 
brought out the following new evidence: 

The frequency of chromatid breaks induced by ultraviolet at 2537 A is 
directly proportional to dosage. A similar situation appears to hold for the 
longer wave lengths (2967 and 3022), but the scantiness of the data permit 
of no definite conclusion. 

A non-random distribution of chromatid breaks was found when nuclei 
in the pollen tubes were treated with ultraviolet and X-rays. Breaks were 
more frequent in the medial and distal regions, contrary to that previously 
reported in Tradescantia and Gasteria. 

A delayed series of ultraviolet treatments show that the prophase 
chromosomes become progressively more resistant as judged from break- 
age data. In the 2- to 4-hour period after germination, the chromosome 
appears to become more susceptible to X-ray breakage, but with ultra- 
violet, the reverse was true. 

Following heavy doses of short wave length ultraviolet treatment at 
prophase, the metaphase chromosomes showed a marked shortening ac- 
companied by the appearance of a hyaline sheath surrounding them. 
Longer wave lengths produced no such changes. 
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HE intersexuality described in the genus Drosophila may be divided 

into two main types. One is that produced by a principal mutant gene 
and one or more modifiers acting on diploid individuals and changing 
them into intersexes. The other type of intersexuality is produced by a 
change in the balance between the X chromosome and autosomes, the 
ratio falling between that of the normal male, 1X/2A, and that of the 
normal female, 2X/2A. 

Included in the first group is the autosomal recessive mutant “intersex” 
in Drosophila simulans (STURTEVANT 1920, 1921); females carrying this 
mutant become intersexual while males become sterile but remain pheno- 
typically normal. An apparently dominant autosomal mutation in D. 
pseudoobscura turns females into intersexes (DOBZHANSKY and SPASSKY 
1942). In Drosophila virilis two autosomal mutants are known which pro- 
duce intersexuality: one of these is a recessive (LEBEDEFF 1939), the other 
a dominant (NEWBY 1941). It is of interest to note that all the above inter- 
sex mutants change the females into intersexes but do not affect the sex 
phenotype of the male. 

In the second group the classical case is that of D. melanogaster (BRIDGES 
1921; DOBZHANSKY and BRIDGES 1928; DOBZHANSKY 19304, b). BRIDGES 
found that the intersexes were the offspring of triploid females and con- 
tained three sets of autosomes and two X chromosomes; they might or 
might not contain a Y chromosome. He concluded that the X chromosomes 
carried genes which tended toward the production of female characters, 
while the autosomes carried genes which tended toward the production 
of male characters; the relative proportions of autosomes and X chro- 
mosomes then determined the maleness or femaleness of the individuals. 
Hybrid triploid intersexes between melanogaster triploid females and 
simulans diploid males were produced by ScHuLTz and DOBZHANSKY 
(1933). These hybrid intersexes were similar to the melanogaster intersexes 
except that the testes were rudimentary. One triploid intersex has also 
been found in pseudoobscura (DOBZHANSKY and SPASSKY 1942). 

It is the purpose of this paper to report on the intersexes obtained in 
Drosophila americana Spencer as offspring of triploid females. D. americana 
is a member of the virilis complex of Drosophila. 

} This investigation was carried out during tenure of a Research Assistantship with Dr. 


Curt STERN, under a grant from the ROCKEFELLER FOUNDATION to the UNIVERSITY OF 
ROCHESTER. 
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MATERIALS AND METHODS 


The intersex-producing strain of D. americana is derived from the so- 
called “Overton” strain, from Overton, Ohio. All flies were raised on corn- 
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Metaphase chromosome configurations of different types of offspring from D. americana 
triploid females. All drawings were made with the aid of a camera lucida. 

a. oogonial metaphase of diploid female; b. spermatogonial metaphase of diploid male; c. 
oogonial metaphase of triploid female; d. tetraploid oogonial metaphase of phenotypically diploid 
female; e. triplo-VI oogonial metaphase; f. oogonial metaphase of diploid female with extra Y 
and male-limited IV; g, h, and i. gonial metaphases of intersexual individuals. 


meal-molasses Moldex food medium, the culture bottles being kept at 
asU. 

Gonads of adults were smeared with aceto-carmine and the smears made 
permanent by the alcohol vapor-displacement method. It was found that 
adults 24 hours old or less were most satisfactory for obtaining metaphase 
chromosome pictures. 


METAPHASE CHROMOSOMES OF D. AMERICANA 


A knowledge of the chromosomal configurations of americana is impor- 
tant for an understanding of the triploid intersexuality in this species. 
Figures a and b of Plate I show that while diploid females (a) have one 
pair of microchromosomes, one pair of rod-shaped chromosomes, and two 











506 HARRISON D. STALKER 


pairs of V-shaped chromosomes, in the diploid male (b) there are a pair of 
microchromosomes, but four rod-shaped chromosomes and three V- 
shaped chromosomes. This peculiar condition, first observed by HUGHES 
(1939), becomes intelligible if the homologies with D. virilis are considered. 
Virilis has no V-shaped chromosomes but five pairs of rod-shaped chro- 
mosomes and a pair of microchromosomes. By different methods PATTER- 
SON, STONE, and GRIFFEN (1940) and STALKER (1940) have shown that 
chromosomes II and III of virilis appear in a fused condition in americana 
males and females, thus accounting for the pair of V-shaped chromosomes 
present in both sexes. Likewise in americana chromosome I or X is fused 
with IV; the resulting V-shaped chromosome is present twice in the female 
but once in the male. Although americana X and IV are fused, Y and IV 
are not and appear as two rod-shaped chromosomes frequently pairing 
somatically with the male V-shaped X-IV. 

The remaining metaphase chromosomes, the rod-shaped chromosome 
V and the microchromosomes, appear to be identical in virilis and ameri- 
cana. The scheme below will summarize these homologies. 


americana female americana male 
X—IV II—III V VI X—IV II—III V VI 
X—IV II—III V VI Y IV II—IlII V VI 


TRIPLOID FEMALES 


In March of 1941 a stock bottle of the Overton strain of americana pro- 
duced a female which was aberrant in that she had roughened eyes and 
wing cells larger than those of her normal sisters. When mated to her 
brothers she produced phenotypically normal males and females, inter- 
sexes, and some females like herself. Besides the characteristics mentioned 
above, these aberrant females were somewhat larger and stockier than 
their normal sisters. Cytological examination of their ovaries showed that 
they were triploid, having three microchromosomes, three rod-shaped 
chromosomes, and six V-shaped chromosomes (Plate I, c). Clear cytologi- 
cal preparations of 70 phenotypically triploid females were made; with 
one exception (to be mentioned below), they all showed a triploid chro- 
mosome condition. In many of the preparations, particularly the later 
ones, the major chromosomes were present in triplicate, but only two 
microchromosomes were visible. This is probably due to the fact that the 
triploid strain had become diploid for the microchromosomes, although of 
course in some cases three microchromosomes might have been present 
but, due to their small size, might not all have been seen. 

The one exceptional triploid-appearing female mentioned above showed 
several metaphase figures which were clearly tetraploid. This female had 
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enlarged wing cells and roughened eyes, and since it is very unlikely that 
she was a mosaic of triploid and tetraploid tissues, she was probably 
tetraploid throughout. BripGEs (1925) describes several such females in 
melanogaster, although in this species they were detected by progeny tests 
rather than cytologically. BRIDGEs suggests that such tetraploid females 
might arise from a 6N cyst of a triploid female; the resulting triploid egg, 
if fertilized by an X-bearing sperm, would form the tetraploid female. 


DIPLOID MALES AND FEMALES 


Large numbers of apparently normal diploid males and females were 
observed among the offspring of triploid females. The males rarely gave 
good spermatogonial metaphase figures when the testes were smeared, 
but of six that did give clear figures, all had the diploid male configuration 
(Plate I, b). Of the diploid-appearing females oogonial metaphase figures 
were obtained in 87 individuals, and of these, 81 showed the diploid 
chromosome configuration (Plate I, a), while four were diploid for the 
macrochromosomes, but triploid for chromosome VI, or the microchro- 
mosome (Plate I, e). It is probable that many more of the 87 females were 
in reality triplo-VI, but due to the small size of the microchromosomes 
remained undetected. 

Both of the other two diploid-appearing females showed oogonial meta- 
phase configurations which were tetraploid for the macrochromosomes, al- 
though it could not be established for certain that there were four micro- 
chromosomes present (Plate I, d). Since these females did not have en- 
larged wing cells or roughened eyes like the triploid females, they were in 
all probability diploid females with patches of tetraploid tissue which 
happened to include all or part of the gonads. BRIDGES (1925) reports 
similar patches of tetraploid tissue found in diploid females of melanogaster 
and suggests that these cells would give rise to diploid gametes, which, 
if they were fertilized by normal X-bearing sperm, would produce triploid 
females. Such tetraploid patches might well account for the many re- 
currences of triploidy in this species. The occurrence of patches of tetra- 
ploid tissue is apparently very common in the testes of D. pseudoobscura 
interracial hybrid males (DOBZHANSKY 1934). 

Since in the americana male the rod-shaped Y and IV chromosomes 
regularly pair somatically with the V-shaped X-IV chromosome, if dis- 
junction were normal, the X-IV would go to one pole, and the Y and IV 
to the other. If the disjunction were not normal, some sperm should be 
formed carrying both the X-IV and the Y, and some carrying the male- 
limited IV but no Y. The X-IV Y sperm, if they fertilized haploid eggs, 
would form diploid females with four V-shaped chromosomes and three 
rods (X-IV X-IV Y II-III II-III V V). By comparison with melanogaster, 
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such diploid females carrying a Y chromosome would be expected to be 
phenotypically normal and viable; in fact they make up 41 percent of the 
offspring of melanogaster triploid females (BRIDGES and ANDERSON 1925). 
If a diploid egg (from a triploid female) were fertilized by a X-IV Y sperm, 
a tripleid female with six V-shaped chromosomes and four rods would 
result. No females of either of these two types were found. 

If non-disjunction between the two fourth chromosomes occurred, some 
sperm would be formed which had a Y but no IV, and some with an X-IV 
and a male-limited IV. Sperm of the first type (Y) fertilizing eggs with one 
set of autosomes but two X-IV chromosomes (from triploid females) 


TABLE 1* 


A comparison of the chromosomal formulae of various sex-types in D. melanogaster 
and D. americana. 











MELANOGASTER AMERICANA AMERICANA 

TYPE _ —_ 

FORMULA FORMULA Iv/A RATIO 
diploid ¢ X Y2A X-IV Y IV 2A 1.00 
diploid 9 2X 2A 2X-IV 2A 1.00 
diploid 9 2X Y 2A 2X-IV Y IV 2A 1.50 
triploid 9 3X 3A 3X-IV 3A 1.00 
superfemale 3X 2A 3X-IV 2A 1.50 
supermale X Y3A X-IV Y IV 3A -67 
intersex 2X 3A 2X-IV 3A -67 
intersex 2X Y 3A 2X-IV Y IV 3A 1.00 





* In this table the number of microchromosomes present is not considered. 


would produce diploid females with extra Y chromosomes—that is, fe- 
males having four V-shaped chromosomes and three rods. 

Among the 151 phenotypically diploid and triploid females examined 
cytologically, none was found with a chromosome configuration indicating 
the presence of either a Y or an extra fourth chromosome. Thus, although 
non-disjunction between X-IV and Y or X-IV and IV may occur, it is 
probably very rare. 

The fusion of americana X and IV and the segregation of Y and IV 
together in the male does not cause any unbalance between chromosome 
IV and the autosomes in diploid males and females, both of which have 
two sets of autosomes and two fourth chromosomes. However, in chro- 
mosomal type other than those of the diploid male and female, change in 
the X/A ratio may result in A/IV unbalance. 

The first two colums of table 1 show chromosomal types BRIDGES 
found among the offspring of melanogaster triploid females. The second and 
third columns compare the chromosomal formulae of the various melano- 
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gaster and americana types. The last column of the table shows that 
supermales, superfemales, Y-bearing diploid females, and one type of 
intersex in americana would have an unbalance between the fourth chro- 
mosomes and the autosomes. It might be expected that such unbalance 
would either result in these types being very weak or absent altogether. 
It will be shown below that this is indeed the case; some classes of the 
offspring of triploid females are entirely missing, and one class is repre- 
sented by a small number of very weak individuals. 


DIPLOID FEMALES WITH AN EXTRA IV AND Y 


Among the offspring of triploid females nine individuals were found 
which were phenotypically abnormal females. They had slightly spread, 
ventrally curved wings with slightly enlarged wing cells, and in eight out 
of the nine, the first section of the costal vein was shortened so that no 
junction was made with the first vein at the distal costal break. The heads 
were large with rough eyes and shortened oral palpi, the thoraces were 
shortened with frequently malformed legs, and the abdomina were small 
with unusually wide seventh sternites. 

The genitalia were apparently normal with well developed ovaries. Five 
of the nine females gave clear oogonial metaphase preparations showing 
two pairs of V-shaped chromosomes, two long rods, two short rods, and a 
pair of microchromosomes (Plate I, f). This chromosome configuration 
would best be accounted for by assuming the fertilization of an egg carrying 
one set of autosomes and two X-IV chromosomes by a sperm with one set 
of autosomes, a IV and a Y. As may be seen from table 1, such females 
carrying an extra IV and a Y have chromosome IV in triplicate, but the 
other autosomes present in duplicate. If the male-limited IV is not 
“empty” like the Y chromosomes of melanogaster and virilis, this unbalance 
might be expected to cause weakness or inviability, and therefore it is 
not surprising that the above females were so few and so abnormal. 


INTERSEXES 


The gonads of several hundred intersexes were examined cytologically, 
and among these, 29 gave clear oogonial or spermatogonial metaphase 
pictures. In all 29 individuals there were five V-shaped chromosomes, five 
rod-shaped chromosomes, and either two or three microchromosomes. 
(Plate I, g, h, i). Interpreting these intersexes according to the D. melano- 
gaster triploid scheme, where there are three sets of autosomes and two X 
chromosomes in intersexes, the five V-shaped chromosomes would be made 
up of three II-III chromosomes and the two X-IV chromosomes. Of the 
five rod-shaped chromosomes, there are three short ones and two longer 
ones. The three shorter ones usually show somatic pairing and are prob- 
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ably fifth chromosomes, the two longer ones are then the Y and the male- 
limited fourth chromosome, thus making up three sets of autosomes, three 
fourth chromosomes, and two X chromosomes. The assumption that the 
three short rods are fifth chromosomes and the longer ones the IV and Y 
gains support from the metaphase chromosome configurations of the diploid 
male, in which the two short rods usually show somatic pairing with each 
other, and the two long rods frequently pair with one of the V-shaped 
chromosomes. 

It will be noted that all 29 intersexes carried a Y and male-limited IV, 
and if we ignore the fact that the microchromosomes might be present in 
duplicate or triplicate, they were all of one chromosomal type. As table 1 
shows, two types of intersexes are known in melanogaster, those with a Y 
and those without it. But americana intersexes lacking a Y are hypoploid 
for the fourth chromosome. Since only one type of intersex has been ob- 
served in this species, the unbalance between IV and the autosomes evi- 
dently has a deleterious effect on individuals in which it occurs. Since 
intersexes without a IV/A unbalance survive in large numbers (see table 
2), the male-limited IV presumably repairs the IV/A unbalance and thus 
is not “empty” like the Y of melanogaster and virilis. 


TABLE 2 


Proportions of different types of offspring from matings of americana triploid 
females Xdiploid males. 














TYPE NO. OBSERVED % 
diploid 9 9 243 25.63 
diploid 7 #7 295 31.12 
triploid 9 9 213 22.47 
intersexes 188 19.83 
diploid 9 9+Y and ZIV 9 -95 
Total 948 





Among the offspring of the triploid females there were found no indi- 
viduals which were clearly either supermales, having one X-IV and three 
sets of autosomes, or superfemales, with three X-IV chromosomes and two 
sets of autosomes. The last column of table 1 shows that supermales and 
superfemales would both have a IV/A unbalance. Moreover, it has been 
shown above that presence of an extra fourth chromosome (in diploid fe- 
males) and the absence of a fourth chromosome (in one type of intersexes) 
results in poor viability in one case and possibly lethality in the other. 

DoOBZHANSKY’s (1929) work on cell size in D. melanogaster shows that 
both supermales and superfemales have wing cells larger than those of 
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their diploid brothers and sisters. If the same relationships hold in ameri- 
cana, then the supermales should be phenotypically distinct from their 
diploid brothers. They might be confused with the extreme male-type 
intersexes, but if present, they did not appear among the 29 intersexes 
examined cytologically, and the majority of these were of the extreme 
male type. The superfemales should have wing cells intermediate in size 
between those of the diploid and triploid females, yet none appeared among 
the 151 phenotypically diploid and triploid females examined cytologi- 
cally. While it seems theoretically improbable that supersexes would sur- 
vive, it is not proven that they do not come through in small numbers. 

To recapitulate, three sex-types—supermales, superfemales, and one 
type of intersex—are found in melanogaster but have not been found in 
americana. The absence of these three types is presumably due to the sex- 
linkage of the fourth chromosome. 

In virilis the Y chromosome apparently has no effect on the phenotype 
of the normal individuals, although it is known to carry the allele of the 
mutant sex-linked gene “bobbed.” The americana Y chromosome is known 
to carry male hybrid-fertility genes (PATTERSON, STONE, and GRIFFEN 
1940). Thus it may be said that the Y is “empty” not only with respect to 
sex-determining genes, but also as regards the large number of genes 
present in the X which have nothing to do with sex, but function in the 
ontogeny and physiology of both sexes. 

Since intersexes unbalanced for the fourth chromosome are apparently 
inviable, we cannot test the sex determining potency of the IV by its 
presence or absence in intersexes. The Y and IV of americana could be ex- 
changed for the Y and IV of virilis, in which chromosome IV is not sex- 
linked; but even if such a substitution produced a change in the americana 
intersexes, the result might be due to sex modifiers in the virilis IV which 
were different from those in the IV of americana. Such genetic modifiers of 
sex have been described in melanogaster (DOBZHANSKY 1930a) and in 
virilis (LEBEDEFF 1939). 

Evidence of the presence of genes other than sex determiners in the 
male-limited IV is much more complete. 

Salivary gland preparations of virilis-amerianca hybrids show that the 
male-limited americana IV is an apparently normal looking chromosome 
(HUGHES 1939) not largely heterochromatic like the male-limited Y-II| 
compound chromosome of D. miranda (MACKNIGHT 1939). 

Crosses to virilis have shown that the americana male-limited IV carries 
the normal allele of the virilis fourth chromosome recessive “plexus,” the 
only fourth chromosome mutant available at the time the test was made 
(STALKER 1940). 

As pointed out above, either a hypo or hyperpoloid condition of the 








512 HARRISON D. STALKER 
fourth chromosome leads to partial or complete inviability, but the male- 
limited IV is able to repair this unbalance. 

From the above considerations it seems probable that the male-limited 
IV contains alleles of many if not all of the genes present in the X-linked 
IV. Whether it has any sex-determining potency is not known at present. 


PRIMARY NON-DISJUNCTION IN AMERICANA 


Primary non-disjunction of the heterochromosomes has been observed in 
a number of species of Drosophila, among them Drosophila virilis (WEIN- 
STEIN 1922). Although no extensive tests have been made of non-disjunc- 
tion in Drosophila americana, it may be predicted that few if any of the 
exceptional males or females would survive. Since the male-limited IV 
regularly segregates with the Y, the exceptional Y-bearing females would 


be triplo-IV and very weak, as shown above, while the X-IV O males | 


would be haplo-IV, and thus would presumably not appear at all. 


MORPHOLOGY OF THE INTERSEXES 


The intersexual individuals are extremely variable, ranging from nearly 
normal male-like to fairly normal looking female-like individuals. All 
intersexes have irregular and enlarged eye facets and enlarged cells making 
up the surfaces of the wings. The intersexes have been arbitrarily divided 
up into six classes, in which Class I contains the most male-like individuals, 
Class VI the most female-like, and the intermediate classes contain the 
sexually intermediate forms. These six classes do not closely correspond 
to the seven classes of melanogaster intersexes distinguished by DoBZHAN- 
sky and BRIDGES (1928). The detailed descriptions which follow are based 
on dissections of 186 intersexual individuals. 


Class I 


The individuals in this class are in general distinguishable from diploid 
males only by their irregular eye facets and enlarged wing cells. In this as 
in the other five classes of intersexes, all individuals tend to hold their 
wings in a slightly opened position, and in about one-quarter of the cases 
one or both wings are held at right angles to the longitudinal axis of the 
body. Approximately one-third of all intersexes have one or both of the 
anterior scutellar bristles missing. In most cases the posterior scutellars 
are more strongly convergent than in diploid and triploid individuals. 

Class I intersexes have paragonia and testes that are normal in shape 
and position but are frequently slightly smaller than those of their normal 
diploid brothers. The anus has lateral plates, and the sixth and seventh 
tergites (Although DoszHaANnsky (1931) has presented data which indicate 
that it is not tergites six and seven which are fused in Drosophila simulans 


, 
{ 
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males, this terminology will be used here to avoid confusion.) are fused as 
in diploid males. Claspers, penis, sperm pump, and ducts are normal. Class 
I individuals behave as males and court females, but they have never 
been observed in copula. Although when mature their ducts contain ac- 
tively motile sperm, not one of the 57 individuals tested showed itself able 
to inseminate females. 


Class II 


In this class about one-fifth of the individuals show feminized anal plates 
—that is, instead of two lateral plates as in normal males, one of the lateral 
plates may be split into a dorsal and a ventral half, or there may be one 
entire dorsal plate and a split ventral one. The remainder of the class are 
like normal males in this respect. 

During normal development in the male, the hypopygium, including the 
anal plates and external genitalia, undergoes a rotation or “circumversion” 
of 360° (see GLEICHAUF 1936). Since this circumversion does not occur in the 
female, it would be expected that some of the intersexes would have ex- 
ternal genitalia in a somewhat asymmetrical position, between the normal 
male and female position. This is indeed the case, and some of the indi- 
viduals of Class II show externalia rotated to various degrees. 

The penis is frequently somewhat thickened and shortened, and in some 
individuals only one clasper is present. The sperm pump is still normal 
but in a few cases one testis is not attached but lies in the abdomen as a 
free, oval-shaped structure. In such individuals usually only one para- 
gonium is present, being associated with the attached gonad. All Class II 
individuals have the sixth and seventh tergites fused as in normal males. 


Class III 


In this class a number of female characteristics besides the feminized 
anal plates put in their appearance, sometimes in individuals which also 
contain many male genital organs. Thus one Class III individual had an 
ovipositor, penis, claspers, uterus, sperm pump (at the anterior end of the 
uterus), spermathecae, ventral sperm receptacle, and two oviducts, which 
however, made no connection with the gonads. 

The gonads are usually not attached to ducts, but are free orange-red 
oval testes, bearing no resemblance to ovaries. 

Not only the anus, but frequently the external genitalia are found be- 
neath the hypodermis in some individuals of this class. Some rotation of 
the anus and external genitalia is the rule rather than the exception. 

In this, and Classes IV and V, the posterior end of the duct—that is, 
either the uterus, or ductus ejaculatorius and sperm pump—may be 
everted through the body wall, or more rarely through the ovipositor 
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plates, and appear as a black lump lying between the anus and external 
genitalia. 
Class IV 


Those individuals in which many of the genital organs of both sexes were 
lacking are placed in Class IV. A typical specimen of this class had no 
external genitalia, and the anus ended blindly beneath the surface of the 
hypodermis. Aside from a single oval sac-like testis lying free in the body, 
no genitalia of any sort, external or internal, could be found. The tergites 
were male-like, as in all members of Classes III and IV. 


Class V 


The individuals in this class are distinctly female-like but still without 
exception retain the male segmental condition, as tergites six and seven 
are fused. 

Ovipositor plates are regularly present, and the anus consists of a dorsal 
and ventral rather than two lateral valves. Rotation of the anus and ovi- 
positor plates is frequent; the latter are usually abnormally shortened and 
weakened at their anterior junction. 

The uterus, spermathecae, and a ventral sperm receptacle are generally 
present. Short oviducts are found in about half the individuals. Three 
cases were noted in which spermathecae were found lying loose in the 
abdomen, even though the uterus and oviducts were not present. In three 
other cases the spermathecae lay outside the body with the everted uterus 
and the basal portion of the ventral receptacle. 

The gonads are not spiralled as in the male types, even when they are 
attached. This is not surprising, since DOBZHANSKY (1931) has shown that 
simulans gynandromorph testes retain their larval ellipsoidal shape when 
they are attached to oviducts. The gonads are not always completely 
orange-red as in the three lower classes, but frequently have patches of 
colorless tissue. These partially colored gonads are not sac-like, but have 
irregular partitions which may be the beginnings of egg chambers. 


Class VI 


This class includes the most female-like individuals, all of which have 
nearly normal ovipositor-plates (although they are usually directed ven- 
trally). A well developed uterus, ventral receptacle, spermathecae, and 
oviducts are also present. At least one of the gonads is an ovary with clear 
egg strings, although a small patch of orange-red tissue may be present at 
the tip. In general the segmentation is of-the male type, the sixth and 
seventh tergites being fused. In one individual, the most female-like inter- 
sex yet observed, the segmentation on one side was male-like, while on the 
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other side a split had occurred which left two tergites in place of the usual 
6-7 male compound. Whereas the compound male tergite has two pairs 
of spiracles, the split half-tergite had one spiracle below the basal part, 
but none below the apical half-tergite. However, a careful examination 
revealed that a large tracheal trunk ended blindly at the point where the 
missing spiracle would be expected to occur. An extra half sternite was 
likewise present on the same side, making the segmentation on one side 
that of the normal female and on the other side that of the normal male. 
The gonads were two normal-looking ovaries with no orange-red patches. 
Except for the assymetrical segmentation this specimen looked so much 
like a triploid female that without cytological proof of her intersexuality 
she would probably have been considered as an aberrant triploid. For- 
tunately, good oogonial metaphase figures were obtained from the ovaries, 
and they showed the usual intersex configuration of five V-shaped and five 
rod-shaped chromosomes: 

Four of the seven individuals making up this class gave clear oogonial 
metaphase preparations. In all four, two types of chromosomes were 
found; those like the ones found in any normal diploid or triploid ovary 
and some which were so swollen as to be almost unrecognizable (Plate I, 
h, i). Such swollen chromosomes were found in none of the other classes of 
intersexes, nor in diploid or triploid individuals. 

Class VI intersexes were frequently courted by diploid males. 

The frequencies of the six classes of intersexes are shown in Table 3. 


TABLE 3 


Frequencies of different intersex classes in americana. 











CLASSES I II II IV Vv vI 
Number 93 50 9 10 36 8 
Frequency (%) 45.1 24.3 4.4 4.8 17.5 3-9 





COMPARISON OF INTERSEX MORPHOLOGY IN VARIOUS DROSOPHILA SPECIES 


With a few exceptions the morphology of americana intersexes agrees 
very well with that found in melanogaster. 

The condition of missing anterior scutellar bristles of some americana 
intersexes is not reported for intersexes in any other species of Drosophila. 
The holding of the wings at right angles to the body is also found in the 
triploid intersexes of melanogaster (PIPKIN 1940), and STURTEVANT (1920) 
finds that simulans males homozygous for the intersex gene also have this 
characteristic. 

The protrusion of the attached end of the genital duct system through 
the hypodermis apparently does not occur in melanogaster, but STURTE- 
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VANT (1921) reports a similar phenomenon in simulans. However, in 
simulans the protrusion is between the ovipositor plates while in americana 
it usually takes place between the anal plate and the external genitalia. 

Withdrawal of the external genitalia beneath the hypodermis, as found 
in americana, is found in the triploid intersexes of melanogaster as well as 
the diploid intersexes of virilis and pseudoobscura. 

Frequently in americana the anal tubercle is likewise drawn beneath the 
hypodermis. LEBEDEFF (1939) reports that such cases in virilis intersexes 
frequently result in death, since the feces are liberated into the body cavity, 
there being no opening to the exterior. This is also true for americana 
intersexes. 

Some intersexual individuals of both melanogaster and americana are 
almost totally lacking in external and internal genitalia (Class IV in 
americana), but LEBEDEFF mentions no such cases in virilis. 

Duplication of all or part of the genitalia occurs in intersexes of ameri- 
cana, virilis, melanogaster, and pseudoobscura. In americana the externalia 
of both sexes may occasionally be found in one individual, but no indi- 
viduals have been found with either two sets of ducts or two sets of gonads. 

Virilis intersexes are reported with bisexuality of the externalia and 
duct systems. In some cases the two ducts lead to complete sets of gonads 
of opposite sex (LEBEDEFF 1939). 

Pseudoobscura intersexes may have bisexual externalia and ducts but 
do not have more than one set of gonads, although these may differ in 
regard to sex. 

Melanogaster triploid intersexes are externally unisexual but may (rarely) 
have male and female ducts in the same individual. Only one pair of gonads 
is found in each specimen. 

While the gonads, particularly the testes of LEBEDEFF’s virilis inter- 
sexes, undergo internal degeneration and do not produce normal gametes, 
testes of the male-like intersexes of both melanogaster and americana pro- 
duce sperm, and in the case of americana, these sperm are actively motile. 

The above comparison of the triploid intersexes of americana with those 
of melanogaster, and the diploid intersexes of virilis, simulans, and pseudo- 
obscura shows that in the more fundamental characteristics americana 
triploid intersexes are more similar to the triploid intersexes of melano- 
gaster than to the diploid intersexes of pseudoobscura, or even the closely 
related species, virilis. 

The diploid pseudoobscura and virilis intersexes agree with each other 
in being frequently more hermaphroditic than intersexual, while the trip- 
loid ones of americana and melanogaster rarely possess complete genital 
ducts or externalia of both sexes. 

It is not at present clear whether or not the americana intersexes corrob- 
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orate the Time Law of Intersexuality. To clarify this point, a much 
larger number of intersexes should be examined. 


SUMMARY 


A case of triploidy in Drosophila americana Spencer is described. 

The triploid characteristics of americana triploid females are pheno- 
typically similar to those reported in D. melanogaster. They differ from 
their normal sisters in having roughened eyes, larger wing cells, and a larger 
body size. 

Disregarding the triploidy or diploidy of the microchromosomes, six 
chromosomally different types of offspring were obtained from matings 
of americana triploid females by diploid males. These types were: diploid 
males, diploid females, triploid females, intersexes, females carrying a Y 
and a male-limited fourth chromosome but otherwise diploid, and tetra- 
ploid females. 

Americana males and females have chromosomes X and IV fused. How- 
ever, the male Y is not fused to chromosome IV. Evidence is given that 
disjunction of the Y and male-limited IV from the male X-IV is normal and 
that non-disjunction, if it occurs at all, is very rare. 

All intersexes examined cytologically had the male Y and fourth chro- 
mosomes present. Intersexes without the Y would presumably be without 
the male-limited IV and would thus be inviable or very weak, since they 
would carry chromosome IV in duplicate but all the other autosomes in 
triplicate. 

No supermales or superfemales were found. Such individuals would like- 
wise be unbalanced for the fourth chromosome and would be expected to 
be inviable. 

The diploid females carrying an extra Y and male-limited IV carried 
a duplication for the fourth chromosome (a major chromosome in amert- 
cana). They were very weak and phenotypically abnormal. 

The effect of the male-limited fourth chromosome on the intersexes and 
otherwise diploid females is evidence that it is not “empty,” unlike the 
Y chromosomes of virilis, melanogaster, and many other Drosophila species. 

It is pointed out that, unlike many other species of Drosophila, amert- 
cana exceptional males and females resulting from primary non-disjunc- 
tion of the heterochromosomes would be very weak in the case of the fe- 
male and would probably not survive in the case of the male. 

The phenotype of the intersexes is very variable, ranging from nearly 
normal males which produce motile sperm to fairly normal-looking females. 

The intersexes morphologically resemble the triploid intersexes of D. 
melanogaster much more closely than the diploid intersexes of D. pseudo- 
obscura and D. virilis. 
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INTRODUCTION 


ROM the standpoint of evolutionary theory, as well as for the light 
| yee on the nature of the gene, it is important to know how “spon- 
taneous” mutation is distributed in space and time. The first adequate 
studies of the rate of occurrence of mutation (MULLER and ALTENBERG 
1919; MULLER 1928), utilizing sex-linked lethal mutations in Drosophila 
melanogaster, served to underline this question, for whereas in the initial 
work, involving two different strains of flies, rates of 1.69 +0.46 and 0.98 
+0.22 percent were encountered, in subsequent experiments a more nor- 
mal rate of o.19+0.05 percent was observed. For some time these data 
remained an isolated instance of a high spontaneous mutation rate. Since 
1937, however, seven additional examples of this phenomenon have been 
described (DEMEREC 1937; PLouGH and HOLTHAUSEN 1937; GOLDSCHMIDT 
1937, 1939; VALADARES 1937; TINIAKOV 1939; PLOUGH 1941), although 
one of these (GOLDSCHMIDT 1937) perhaps belongs in a separate category. 
In addition, SPENCER (1935) has described a cyclical variation in the 
frequency of mutation, involving all the strains in his laboratory. These 
observations have established the existence of periods of high mutational 
activity in Drosophila strains, although, with the exception of the case 
reported by DEMEREC (1937), where the phenomenon apparently de- 
pended on some recessive influence of the second chromosome, the exact 
causes of this mutational variability have remained obscure. 

It is the purpose of the present paper to describe and analyze the cause 
of another case of high mutation frequency. The phenomenon was first 
detected in February, 1941, in two closely related strains. The first of 
these was a long-inbred Oregon wild type line, secured from Dr. Curt 
STERN in 1938. During the 60 generations it had been in the author’s 
laboratory it, had been inbred in small ma‘s cultures. Throughout this 
time the line had been under rather close surveillance, for it was used as a 
genetic background into which various bristle factors were being intro- 

1 Fellow of the National Research Council, 1941-1942. The author is grateful to Dr. M. 
DemerEc for excellent working facilities at the Biological Laboratory and the Department of 
Genetics, CARNEGIE INSTITUTION OF WASHINGTON, Cold Spring Harbor, L. I. ,N. Y., during the 
summer of 1941, and to Pror. L. C. Dunn for similar facilities in the Department of Zoology, 
CotumsBria University, New York, N. Y., during the academic year of 1941-1942. He is also 


indebted to both these men and to Pror. To. DoszHANsky for many stimulating discussions of 
the problem. 
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duced, and crosses involving the line were rather constantly in progress. 
During all this time no mutants had been observed. The second line was 
a heterozygous y Hw strain which by repeated backcrosses continuing up 
until the discovery of the phenomenon had been rendered genetically very 
similar to the Oregon line. With the exception of the y Hw factors, the 
two strains were so isogenic that they may be considered as one. 


THE HIGH FREQUENCY OF OCCURRENCE OF VISIBLE MUTATIONS 


Between February and June, 1941, as many flies from the two lines 
were examined as time would permit. Whenever an off-type was found it 
was as a rule mated within the strain, and thus sublines of the original 
strain were established. The individuals comprising various sublines were 
likewise carefully scrutinized, and aberrant individuals bred. In this way 
a total of 72,851 flies was examined. The off-types found fall into three 
groups: (a) mutants, of which at least 47 were detected, with three more 
in the probable class; (b) off-types which were sterile and hence un- 
analyzable, but which nevertheless had the appearance of mutants— 
17 in number; and (c) numerous aberrant types whose unusual character- 
istics did not reappear in subsequent generations and which were therefore 
somatic mosaics or developmental accidents. 

Space does not permit a description of the 47 known mutations, but a 
complete summary is on file with GENETICS. A summary also appears in 
the sixteenth issue of Drosophila Information Service. The mutations 
are on the whole a cross section of the types encountered in Drosophila 
work, with a few possible exceptions to be noted later. Thus, the sex-linked 
factors consisted of alleles of yellow (12), Notch (2), singed (2), bobbed 
(2), cut (1), carmine (1), and lozenge (1), as well as six other mutations 
that could not readily be homologized with any known factors. These 
latter six were respectively characterized by (1) a carmiine-like eye color, 
(2) supernumerary scutellar bristles, (3) dark eyes, small body, and female 
sterility, (4) tiny bristles, (5) rough, oval eyes, weak wings, disarranged 
bristles, rarely body protuberances, and female sterility, and (6) rough 
eyes, missing, doubled, and disarranged hairs and bristles, and occasionally 
incised or blistered wings. The autosomal mutations are more difficult to 
homologize, but thus far have been shown to include alleles of net (1), 
Delta (1), and polymorph (1), and in addition factors characterized by 
extra bristles (3), small bristles (2), erect bristles (1), malformed wings 
(5) abnormal wing carriage (1), abdominal and genital imperfections (2), 
dark eye color (1), dark body color (1), and rough eyes (1). 

A number of the mutations were characterized by small bristles (bobbed, 
a second sex-linked recessive, an autosomal dominant Minute, a second 
chromosomal recessive). These mutations became widely disseminated 





HIGH MUTATION RATE IN DROSOPHILA 521 


throughout the strains. Toward the end of the study aberrant types with 
small bristles appeared with great frequency. It was obviously not feasible 
to test and attempt to differentiate between all these small bristle types, 
nor to determine which of them represented outcroppings of already iso- 
lated mutations and which new mutations. The estimate of the frequency 
of mutations characterized by small bristles is therefore probably low, 
particularly with reference to the frequency of “Minute” mutations. It 
should be emphasized that in this and subsequent work, the dominant 
autosomal Minutes were carefully distinguished from the Minute type 
due to the loss of the fourth chromosome through non-disjunction. 

The possibility of contamination, which must always be considered, 
may be rigorously excluded in the great bulk of this work. The number 
of stocks kept in the laboratory at DARTMouTH, where the foregoing por- 
tion of the work was carried out, was relatively small (cf. Drosophila 
Information Service #14), and few of the mutations found were duplicates 
of factors already present in the laboratory. Another consideration which 
rules out contamination is this: many of the mutations detected in the 
later stages of the analysis (see below) occurred in strains homozygous 
for one or more genetic markers. Contamination should have resulted in 
the disappearance or temporary suppression of these markers; this was 
observed in only two cases among all the thousands of cultures examined. 


THE NORMAL FREQUENCY OF DETECTION OF VISIBLE MUTATIONS 


For all the effort that has been expended on Drosophila, quantitative 
information on the normal frequency of detection of visible mutants under 
the conditions obtaining in such an experiment as this is surprisingly 
meager. Data on this point are summarized in table 1. In the hands of the 
average investigator a rate of about five “fair” to “good” mutants per 
100,000 flies examined has been normal. After due allowance is made for 
the fact that some of the mutants found in the present study were “poor” 
ones, the mutation rate in the Oregon line (64.5 per 100,600) would on 
the basis of these figures appear to be at least five to ten times greater 
than normal, and this was the first estimate of the magnitude of the 
increase which the author made (NEEL 1942). 

However, the existing estimates of the frequency of appearance of new 
mutants in Drosophila melanogaster are probably quite inadequate. The 
reasons behind this statement are chiefly two: 

(1) In CIB experiments on induced mutations, the ratio of sex-linked 
lethals to visible sex-linked dominant and recessive, and autosomal 
dominant, mutations varies between 10 to 1 and 5 to 1, depending on the 
investigator. Obviously in such a case the lower ratio more nearly approxi- 
mates the “true” ratio. In the later stages of the present work (see below) 
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TABLE 1 


A compilation of the frequency of detection of visible mutants in Drosophila melanogaster. 











ORIGIN OF FLIES NUMBER NUMBER OF RATE PER 
INVESTIGATOR 
EXAMINED FLIES MUTATIONS 100,000 
MorcGan (1914) ? 31,168 ° ° 
Duncan (1915) F; of across of two unrelated, in- 16,637 2 12.0 
bred lines 
GrossMAN & SmitH_ Inbred wild type stock 45,000 ° ° 
(1933) 
JoLos (1934) Inbred wild type stock ca 700,000 22 3.1 
PLoucH & IvEs Various 73,221 3 4.1 
(1935) 
Moor™E (1934) Males from XX matings 13,673 I 7.3 
Male offspring of normal females 12,633 ° ° 
BucCHMANN & Males from XX matings 58,453 5 8.6 
TIMOFEEFF- 


REssovsky (1935) 





a total of 7565 CIB F; vials was examined, and 25 lethals and seven visibles 
found. The ratio of lethals to visibles, 3.6 to 1, is sufficiently lower than the 
ratios encountered in irradiation work to be pertinent to the question of 
whether there is a difference between spontaneous and induced mutation 
in this respect. Be that as it may, if approximately two per 1000 is the 
normal rate of occurrence of sex-linked lethals, then in 100,000 CIB F; 
vials there should be some 200 lethals, and, on the basis of a 5 to 1 ratio of 
lethals to visibles, at least 40 visible mutations of the types indicated 
above. The C/B method is undoubtedly an unusually favorable means of 
detecting certain kinds of visible mutations. Detailed calculations, involv- 
ing matters of viability, sterility, penetrance, and observational difficulties, 
suggest that the system of moderate inbreeding used in the work described 
in the previous section reduces the relative chance of detecting the average 
mutant to about o.5 or so on the probability realized when the C/B method 
is employed. The C/B data therefore suggest that about 20 mutants due 
to autosomal and sex-linked dominant and sex-linked recessive factors 
should appear in 100,000 flies. Since autosomal recessives constitute about 
a third of the Drosophila mutations, with inbreeding, such as was practiced 
in the above described work, the expected rate of recovery of all kinds of 
mutations should be at least 25 per 100,000 flies. Stricter inbreeding might 
well result in an even higher rate of appearance of new mutations. About 
two thirds of these should be of the “fair” to “good” types included in 
table 1. 

(2) Between February, 1941, and January, 1942, the period covered by 
this investigation, the author kept in stock an average of 20 different 
strains unrelated to the Oregon line and to each other. These strains were 
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transferred to fresh culture bottles about every 20 days, at which time 
some 50 flies of each strain were cursorily examined for the occurrence of 
contamination or mutation. Over the entire period an estimated 18,000 
flies were examined. Five mutations were found, as follows: 


(a) misshapen**- 3-?. Eye variably small and deformed, overlapping 
with wild type. 

(b) cut-out*!*- Autosomal recessive. Wing margins incised. Found in 
same stock as (a). 

(c) peach*42. 2-?, Eye color varies from orange in newly emerged flies 
dark, translucent prunish color in aged flies. 

(d) scute*!i- 1-0.0. Scutellar bristles descreased in number, head bristles 
increased. 

(e) hairy“*- 3-26.5. Typical hairy-1 allele, with hairs on scutellum and 
along wing veins. 


The occurrence of five mutations in 18,000 hastily examined flies repre- 
sents a rate of 28 per 100,000, and constitutes excellent agreement with the 
above calculated normal rate. 

The rate of visible mutation in the Oregon line was therefore two to three 
times greater than normal, although, as will be discussed later, this repre- 
sents a minimum estimate of the increase which the factor responsible 
can engender. 


THE FREQUENCY OF OCCURRENCE OF SEX-LINKED LETHAL MUTATIONS 
IN SOME STRAINS 


The rate of occurrence of sex-linked lethals was investigated by the 
CIB method. In each C/B F, vial (except, of course, those indicating the 
presence of a lethal) an average of five males was inspected, to provide a 
check on the occurrence of visible mutations in the P; males (if all or half 
of the F, males were affected) or in the F; of the C/B cross (if only a single 
male was affected). Autosomal recessive mutations would not be detected 
by this method. The results are summarized in table 2. The first flies tested 
(Or Fs 1) were from the original Oregon line, seven generations after the 


TABLE 2 


Rate of mutation in three sublines of the frequently mutating strain. 











NUMBER OF wee NUMBER NUMBER VISIBLE VISIBLE 
NUMBER LINKED FREQUENCY 

STRAIN es cial OF MALE LETHAL OF LETHALS gga eo” we Fi 
SOMES Pp avis (%) P, GIVING EXAMINED MUTA- MUTA- 
TESTED ; ” LETHALS (ESTIMATED) TIONS TIONS 

TIONS 
Or Fat 985 46 I ©.10+0.10 I 4920 ° ° 
y Hw Fi2 1021 37 8 0.78+0. 28 6 5065 I I 


y HwFi6 691 29 7 1.01+0.38 6 3420 I 1? 
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discovery of the phenomenon. The rate of occurrence of lethals appeared 
to be entirely normal. Two additional strains were then examined. These 
were selected because, as sublines, each had yielded several mutants, and, 
more to the point, in each a mutant had been detected quite recently. 
The first of these (y Hw F; 2) yielded eight lethals and one visible—a new 
allele of prune (1-0.8)—in 1021 tested X’s. Three of these lethals were 
derived from the same male; two of them were probably alleles, since under 
favorable conditions both of them behaved as semi-lethals, characterized 
by small, dwarf flies, but the other always behaved as a complete lethal 
and so probably represented a distinct mutation. Ten of the 37 males who 
contributed to the tested X chromosomes proved to be heterozygous for 
an ebony allele which had not been encountered up until this time. In one 
of the F; vials a single yellow-2 type male was found, product of a mutation 
in an F, female. In the second strain (y Hw F; 6) seven lethals and one 
visible—characterized by a rough eye and located at 1-o.5—were found in 
691 tested X’s. Two of these lethals, occurring in the same male, are pos- 
sibly alleles. One of the lethals, located at 1-37.2, acted under favorable 
conditions as a semi-lethal, resulting in flies with obliquely truncated 
wings and disturbed venation. The questionable F; visible mutation indi- 
cated in the table was a vermilion-1 (1—33.0). This factor is known to be 
carried within the C/B inversion, and it is possible that the so-called muta- 
tion was really the result of a rare double cross-over within the inversion. 
However, the P; males carried cm (1—18.9), and this was still present in 
the mutant, and 7’, also carried in the C/B inversion, was not associated 
with the vermilion. 

If each lethal encountered in the latter two strains be treated as the 
product of a separate event, then the combined rate of lethal mutation in 
these two strains exceeds the rate of the Or Fs 1 strain by a significant 
amount. If some of the lethals are products of the same mutation, then the 
difference, so far as lethals alone are concerned, is less significant. However, 
when the occurrence of visibles in the latter two strains is also taken into 
account, it seems rather certain that these two strains were throwing 
significantly more mutations than the first strain tested. The behavior 
of this first strain can most reasonably be explained in terms of its loss of 
high mutative properties. 


ANALYSIS OF THE CAUSE OF THE INCREASED MUTATION RATE 
Experiment 1 
A number of experiments were performed, designed to shed light on the 
factors responsible for the increased rate of mutation. In the first of these, 


an attempt was made to isolate, from the y Hw F; 6 line, males producing 
visible mutations in relative large numbers and to establish balanced 
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stocks of the chromosomes of such flies. Three generations after the experi- 
ments leading to the above-described results in this strain had been started, 
y Hw F; 6 males were mated individually with several y S/In(2L)Cy, Cy; 
H/In(3R)C, Sd females and then, three days later, remated with ca. 15 
y uf; bw; e wo ro; ey females. Of 16 such attempted double matings, 13 
were successful, although the fertility of the second mating was in most 
cases poor. The male offspring of the second cross were examined for mu- 
tant individuals. The results are summarized in table 3. Among a total of 


TABLE 3 


Summary of experiment 1. Explanation in text. 














NUMBER OF MALE MOSAICS OR 
FLY FERTILE STERILE 
OFFSPRING BY DEVELOPMENTAL 
NUMBER MUTANTS OFF-TYPES 
XX FEMALES ACCIDENTS 
I 401 ° ° ° 
3 202 ° ° ° 
4 536 I I 4 
5 1105 ° I I 
7 634 1? ° 2 
8 982 ° ° 2 
9 297 ° ° ° 
Ke) 219 ° 2 I 
II 382 ° ° I 
12 357 ° ° ° 
13 408 ° ° I 
14 349 ° ° ° 
15 284 ° ° I 
13 6,156 1+1? 4 13 





6156 males one certain mutation—an autosomal dominant characterized 
by incompletely expanded wings—and one probable mutation—resulting 
in a small-eyed condition—were detected. The analysis of this latter was 
complicated by the presence in the strain of the ey factor and the early 
loss of the strain, but the mutation was probably an autosomal dominant. 
The y Hw F; 6 males all carried cm (1-18.9), which had arisen in the strain 
as the result of mutation, and the continued presence of which in this and 
subsequent experiments served as a check.on contamination. 

Among the 536 male offspring of male 4 there appeared, in addition to 
the above-mentioned certain mutant, one sterile male characterized by 
curled wings, rough eyes, and sparsely distributed thoracic hairs, who was 
in all probability the result of genetic change, and one mosaic male whose 
left eye was very rough, left thoracic hairs sparse and disarranged, left 
thoracic bristles slightly contorted, and left wing small, but whose off-type 
characteristics did not reappear in subsequent generations. In addition, 
there were three other less striking mosaics among his offspring. 
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On the assumption that male 4 might carry mutability-stimulating fac- 
tors, an attempt was made to establish balanced stocks of his chromosomes. 
Accordingly, +™; S or In(2L)Cy, Cy/+™; H or In(3R)C, Sb/+™ male 
offspring from the first cross of male 4 with y; S/In(2L)Cy, Cy; H/In(3R)C, 
Sb females (+™ indicates the appropriate chromosome derived from the 
y Hw F; 6 strain) were mated individually in a manner designed to balance 
the X chromosome against an attached-X chromosome homozygous for y, 
the second against a rearranged second chromosome with the dominant 
Cy factor in one limb and L‘ in the other (In(2L)Cy, Cy, In(2R)Cy, L* sp*), 
and the third against a complexly rearranged third chromosome marked by 
the dominant Mé factor (T(2; 3)Mé). It had originally been planned to es- 
tablish six or seven strains combining these balancer chromosomes with 
homologues derived from male 4. At a late point in the experiment it was 
discovered that female flies carrying all three balancers were too highly 
inviable and sterile to be useful. While a number of strains containing 
balanced first and second chromosomes derived from male 4 were secured, 
none completely balanced for the third was obtained. However, a number 
of strains with a balanced first and second, and originally heterozygous for 
an unbalanced third, were established, and it was also possible to establish 
some strains with a completely balanced first and second, and with the 
right end of the third balanced against In(3R)C, Sd, while the left end of 
the same chromosome remained unbalanced. No attempt was made to 
follow the fourth chromosome. Table 4 shows the types of balanced strains 


TABLE 4 


The rate of apperance of mutants in balanced stocks of the chromosomes of male 4 of experiment 1. 
Numbers in parentheses indicate the number of different balanced lines of the composition indicated 
that were followed. The question mark after certain chromosomes, or parts of chromosomes, indicates 
that these chromosomes may or may not have been represented in the strains. 














CHROMOSOMES PRESENT NUMBER OF FLIES FERTILE 
IN THE STOCK EXAMINED MUTANTS 
I, II (rr) 5011 ° 
I, II, ITI? (4) 2025 I 
I, II, ITIR, IITL? (5) 2441 I 
9477 2 





established, the number of flies from each examined, and the number of 
mutations found. The two mutations were a singed allele (1-21.0) and an 
autosomal recessive factor characterized by extra venation. Both of these 
were detected in strains in which the third chromosome of the y Hw F; 6 
line was either possibly or certainly represented. It is obvious that the be- 
havior of these strains does not bear out the performance of the founder 


} 
| 
| 
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male. The possibility that this was due to failure to control the third 
chromosome adequately remains open (see below). 

Among the relatively few offspring of male 11 there was one off-type, a 
male with an abnormally oval right eye. This male, of the constitution cm; 
+"/bw; +™/e wo ro; +™/ey, was mated with several y v f; bw; e wo ro; ey fe- 
males. The oval right eye did not reappear in the next generation. However, 
among the 74 male offspring of the cross there was one lozenge-eyed male, 
subsequently found to be the result of mutation at the lozenge locus 
(1-27.7)- It seemed possible that male 11 had actually carried a mutability 
stimulating factor and that its effects had not been detected because of the 
small number of offspring from this male. Accordingly, a balanced stock 
of these chromosomes was established by selecting cm; +™/bw; +™/e wo 
ro; +™/ey males from the bottle which had yielded the lozenge male, cross- 
ing these with y v f; bw; e wo ro; ey females, and repeating the cross each 
generation. In order to test the frequency of mutation in these males, they 
were crossed with attached-X y v f car females, and the male offspring ex- 
amined for mutants. A total of 10,084 flies was inspected. Only one mutant 
was detected among these—a Minute due to a dominant factor in the third 
chromosome—plus 11 sterile types and 22 types which bred without the 
reappearance of the aberrant characteristic. One of these latter was a 
right-left singed or forked bristle mosaic. This mutation rate did not seem 
to be sufficiently high to warrant further work with the strain. 


Experiment 2 


The second attempt to get at the factors responsible for the increased 
mutation rate was designed to utilize the rate of occurrence of lethal 
rather than visible mutation as an index of the properties of a male. Four- 
teen y Hw Fs; 6 males were crossed singly with y; S/In(2L)Cy, Cy; 
H/In(3R)C, Sb females. Three days later the males were crossed with six 
to eight CIB/y Hw, In(1) dl-49, m? g* females. As many X chromosomes 
as could be obtained from each male were tested for lethals. Ten of the 14 
double matings were successful. In each of the CIB F, vials an average of 
10 males was examined for the occurrence of new mutants. 

The results of the experiment are summarized in table 5. A number of 
interesting facts are obvious. First of all, the rate of lethal mutation in 
these ten males—at most 0.19 +0.08 percent—appears to be entirely nor- 
mal and significantly less than what it had been in this same strain two 
months earlier. A x? test, with Yates’s correction for continuity, yields a 
P of less than 0.01. Secondly, the rate of visible mutation in the parental 
flies appears to remain high, since four visibles were found in 3103 sets of 
chromosomes. Two of these were sex-linked recessives—another yellow-2 
type, for which male 5 was a germinal mosaic, and a tiny bristle factor 
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TABLE 5 


Summary of experiment 2. Explanation in text. 














SEX- MOSAICS OR 
NUMBER OF VISIBLE NUMBER OF VISIBLE STERILE 
FLY LINKED 2 DEVELOP- 
FERTILE P; F2 FLIES F, OFF- 
NUM- ; LETHAL MENTAL 
CIB MUTA- EXAMINED MUTA- TYPES 
BER MUTA- ACCIDENTS 
VIALS TIONS (ESTIMATED) TIONS IN F; 
TIONS IN F2 
3 423 ° I 4230 ° ° 2 
4 112 1? ° IIIO ° ° ° 
5 183 I I 1820 ° I 3 
6 225 ° I 2250 ° 4 I 
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(1-19.5) found in male 3—and the other two were “poor” autosomal 
dominants—one characterized by extra anterior scutellar bristles, and the 
other by slightly small, wavy-surfaced wings, which were often carried at 
an angle with the body. The dominant autosomal mutations may have oc- 
curred in either the male or female parents. Thirdly, among the approxi- 
mately 30,970 F, males examined, six mutants were encountered as single 
individuals in different vials. All of these were found in the progeny of two 
males. Male 12 yielded two autosomal dominant Minute mutations, one 
of which was localized to the third chromosome, while male 13 yielded two 
autosomal dominant Minutes, one second chromsome semi-dominant char- 
acterized by curly wings, and a vermilion allele (1-33.0). As previously, 
the possibility exists that the vermilion appeared as the result of a double 
cross-over involving the C/B inversion. The continued presence of cm and 
the non-appearance of /? in the strain again provide some evidence against 
such an origin. The problem of determining whether or not the observed 
distribution of mutation in the offspring of these ten males is random is a 
thorny issue. However, calculations based upon any one of several differ- 
ent methods suggest that the “clumping” of visible mutations in the 
descendants of males 12 and 13 is significant. Fourthly, the occurrence of 
visible mutations in the F, of certain males would suggest that if the factors 
involved were genetic, they were dominant. 

The chromosomes of males 12 and 13 were saved for study of their 
properties, using a modification of the method described under experiment 
1, which made it possible to secure some lines with a completely balanced 
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third chromosome. The attached-X chromosome used in this experiment 
was y vf. Table 6 shows the composition of the balanced strains estab- 


TABLE 6 


The rate of appearance of mutants in balanced stocks of the chromosomes of males 12 and 13 of 
experiment 2. Numbers in parentheses indicate the number of different lines of the composition indicated 
that were followed. The question mark after certain chromosomes indicates that these chromosomes may 
or may not have been present in the strain. 














CHROMOSOMES PRESENT NUMBER OF FLIES FERTILE 
IN THE STOCK EXAMINED MUTANTS 

I, II (12) 13,001 2 

I?, IT, IIT (4) 4,619 ° 

I?, II?, IIT (2) 1,441 4 

I?, IIT (8) 10, 203 7 

29, 264 13 





lished, the number of flies examined, and the mutations found. Among a 
total of 29,264 flies there were 13 different mutants. These include a hairy-2 
allele (3-26.5), two forked alleles (1-56.7), a singed allele (1-21.0), a 
yellow-1 and two yellow-2 types (1—0.0),a third chromosome recessive char- 
acterized by plexate wings, a sex-linked rough eye, and four mutants due 
to as yet unlocalized factors, characterized respectively by plexate wings; 
short, blunt bristles; Minute-like bristles; and abnormal abdomen. Only 
two of the mutants were detected among the 13,001 offspring of flies with 
balanced first and second chromosomes, while among 16,263 offspring of 
flies with a balanced third, which might also have a first or second from 
that line, there were 11 mutants. The probability that these two series 
have the same mutation rates, as tested by x? with Yates’s correction for 
continuity, is less than 0.01. These results indicate a role of the third 
chromosome or, less probably, of a combination of the first and third, in 
the increased mutation rate. Since, moreover, that chromosome was car- 
ried in the heterozygous state in the bulk of the flies and since the strain 
was perpetuated by the heterozygous flies, the influence was apparently 
dominant. ° 

It should be emphasized that the presence of the various genetic markers 
—-y,v, and f in the attached-X females, and Cy, LZ‘, and Mé in the balancing 
chromosomes of both males and females, together with some other markers 
introduced to follow certain chromosomes—tended to interfere with the 
detection of mutants, not only because they rendered the detection of 
mutants more difficult, but also because they lowered the viability and 
fertility of the flies to such an extent that the occurrence of further muta- 
tions might make the fly inviable or sterile. 
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Experiments 3 and 4 


Two further experiments were undertaken to get additional information 
on the rate of lethal mutation. At this time there were on hand some 50 
sublines of the high mutation strain. Each generation, when these lines 
were transferred to fresh bottles, they were given a quick inspection, 
and a record was kept of any mutant individuals encountered. In this way 
two lines were isolated which seemed to be particularly “active.” The first 
line (y Hw F; 2) had the following history: On March 9, 1941, a female 
with a notched right wing was found during a count of the third generation 
of the high mutability strain. She bred as if heterozygous for a factor desig- 
nated as Notch 264-130 (1-3.0). On May 4 the subline established from 
her yielded two flies with slightly plexate wings, heterozygous for a new 
semi-dominant factor, net*’* (2-0.3). On July 31, during the course of a 
cross to localize this factor, a dumpy allele (2—-13.0) was found, but it was 
not clear whether this had been present in the y Hw F; 2 strain or had been 
introduced by the second strain involved. Likewise, on August 14, in the 
F, of an outcross made for the purpose of studying the salivary gland cell 
chromosomes of the net flies, one of the two strains involved was found 
heterozygous for a recessive autosomal factor characterized by rough eyes. 
On September 30 two new mutants were discovered in the same bottle. 
One of these, characterized by very small bristles, a tarsus-like antenna, 
and poor fertility, was found to be due to a recessive spineless-aristopedia 
allele (3-58.5). The other was the resultant of a new cut allele (1—20.0). 
Exclusive of the original Notch, there were thus three to five mutations in 
about 2,000 flies. 

The second line (Or F; 2) was derived from two male and three female 
flies with a medially-placed dark patch on the thoracic dorsum, found in the 
seventh generation of the count. The character was due to an autosomal 
recessive. On July 17 two males with small, rough eyes were found; they 
were due to a new sex-linked recessive factor which was also characterized 
by the complete sterility of the homozygous females. August 8 the strain 
yielded a yellow-2 type male, and on September 11 a male with garnet- 
like eyes, who was sterile. Finally, on September 30 a male with tiny bris- 
tles was discovered, the result of an autosomal recessive mutation. Ex- 
clusive of the original character, there were thus three to four mutants in 
about 1200 flies. 

The results of CIB tests of these two strains are summarized in table 7. 
There were no lethals nor visibles in a total of 849 X chromosomes ex- 
amined from the y Hw F; 2 strain; among ca. 8490 F; males two F; mutants 
were found—a Minute due to a dominant factor in the second chromosome 
and a spread wings due to a sex-linked recessive. However, two of the P; 
males were heterozygous for a new recessive factor in the second chromo- 
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TABLE 7 


Summary of experiments 3 and 4. 











SEX- 





NUMBER OF NUMBER NUMBER VISIBLE VISIBLE 
> NUMBER LINKED FREQUENCY * 
X CHROMO- OF MALE or F? P, Fi 
STRAIN OF MALE LETHAL OF LETHALS 
SOMES p Si (%) P; GIVING EXAMINED MUTA- MUTA- 
: ; 
TESTED = LETHALS (ESTIMATED) TIONS TIONS 
TIONS 
y Hw F;2 840 28 ° 0.0 ° 8,490 ° 2 
3 9,130 I 2+1? 


Or F; 2 916 31 3 0.33+0.19 








some, resulting in contorted, “hooked” bristles, and a third male was 
heterozygous for a new third chromosomal recessive, resulting in wings with 
very scalloped edges. Since the y Hw F; 2 strain was carried by small mass 
matings, resulting in rapid elimination or homozygosity of new factors, 
these two mutations had probably arisen at a relatively recent date. In the 
light of experiments 1 and 2 the results with this strain can most reasonably 
be explained in terms of the recent loss from the strain of the dominant 
factor thought to be responsible for the phenomenon. 

The Or F; 2 line yielded three lethals and one visible, a sex-linked reces- 
sive characterized by weak, uneven-surfaced wings and rotated genitalia, 
in a total of 916 X chromosomes. Among the approximately 9130 F, males 
inspected were three single mutants, a Minute due to an unlocalized auto- 
somal dominant, a vermilion-2 type eye, and a vermilion-1 type eye (both 
I—33.0). The latter might well have arisen by double crossing over involv- 
ing the C/B inversion, since there was no check on such an event in this 
experiment. The same possibility does not hold for the vermilion-2, since 
it is phenotypically distinct from the vermilion carried within the inversion. 
This rate of mutation, although possibly high, was not thought sufficiently 
greater than normal to warrant further investigation. 


THE NON-RANDOM DISTRIBUTION OF MUTANTS IN THE 
PROGENY OF CERTAIN FLIES 


In previous sections, several cases of a possible non-random distribution 
of mutations in the offspring of certain flies have been described. A more 
significant example than any of these is the following: In the F, of a cross 
of a male with rough eyes and missing bristles, found in the second genera- 
tion of the study, to normal females, the ratio indicative of a sex-linked 
mutation was secured. In establishing a pure stock of this, mutant males 
were crossed with their phenotypically normal sisters. Among the 384 off- 
spring of this cross there appeared, in addition to the expected types, two 
new phenotypes, both represented by a single fly. The first was a male char- 
acterized by small, blistered wings and contorted, gnarled bristles, and was 
subsequently shown to be the result of a recessive mutation in the third 
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chromosome. The second was a female characterized by a deep, dull red 
eye. Crossed with her normal-eyed brothers, she produced 149 normal- 
eyed offspring and 32 with the aberrant eye color, as well as one female with 
an extreme type of plexus wings. The latter was sterile. Subsequent analy- 
sis showed that the eye color was due to a third chromosomal recessive, 
which later cropped out in several other lines. Males and females showing 
the new eye color, bred together to establish a homozygous stock, yielded 
in the next generation ca. 150 flies showing the trait in question, and in 
addition a yellow-1 mutant and a lozenge mutant (1—27.0). 

Several more less striking cases of this nature could be added. But while 
the data are suggestive of a non-random distribution, they are by no means 
critical. In an extensive series of observations like the present a clumping 
of mutations is occasionally to be expected on the basis of chance alone. 
However, such a clumping is also exactly what would be expected if the 
factor responsible for the increased mutation rate was a dominant carried 
by a relatively few flies. No outbursts of mutation similar to the cases 
briefly described by GotpscHMipT (1937), involving not only the simul- 
taneous appearance in a strain of as many as four mutations but also the 
simultaneous disappearance of recessive markers, were observed. 


THE LOCALIZATION OF THE MUTATIONS 


One question which arises in the course of an investigation such as this 
concerns the distribution of the mutations. Are they scattered at random 
throughout the chromosomes, or is there a specific effect on certain regions? 
This question is most conveniently discussed in connection with the 42 
new sex-linked factors which were analyzed to a point where they could be 
assigned a definite locus. These factors were as follows (the first figure in 
parentheses gives the number of times the mutation occurred; the second, 
the location): yellow (18) (0.0), multiple (1) (0.0), rough (1) (0.5), prune 
(1) (0.8), Notch (2) (3.0), carmine (1) (18.9), tiny bristle (1) (19.5), cut 
(2) (20.0), singed (3) (21.0), scruff (1) (22.0), lozenge (2) (27.0), vermilion 
(4) (33.0), oblique (1) (37.2), forked (2) (56.7), and bobbed (2) (66.0). 

With three possible exceptions they appear to be distributed at random. 
These exceptions are (1) a high frequency of yellow mutations, also noted 
by DEMEREC (1937) and TINIAKOV (1939) in their work, (2) the absence of 
detected mutation at the white locus, although this is thought to be one 
of the most frequently mutating loci of Drosophila, and (3) the apparent 
grouping of mutations at about map position 20. Four of the yellow muta- 
tions were of the yellow-1 type, and 14 the yellow-2 variety. Except for 
the yellows, the concentration of mutations af the genetic tip of the X is 
consistent with the known normal distribution of Drosophola mutations. 
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DISCUSSION 


The methods used in this study to detect visible mutations are un- 
doubtedly of different relative efficiencies. There can be little doubt that 
the C/B method is the most effective when applied to certain types of 
visible P; mutations, that inbreeding of a strain is next in effectiveness, and 
that the attached-X method and the examination of the F, of a C/B cross 
for single mutants appearing as a result of mutation in the F, are relatively 
inefficient procedures. If, notwithstanding, we bring together all the results 
obtained by any method, we find that a total of 80-84 mutants were de- 
tected anong 189,827 flies, exclusive of the controls and exclusive of mu- 
tants picked up when exact quantitative records were not being kept. This 
corresponds to a rate of 43.2 per 100,000 flies and is 1.73 times the normal 
estimated rate of 25 per 100,000 flies. The total number of lethal mutations 
detected in the 7565 X chromosomes analyzed was 24-25 which represents 
a rate of 0.32 +0.06 percent. This is 1.8 times the normal rate of 0.18 +0.03 
as summarized by ScHULTz (1936). These represent the minimum possible 
estimates of the increase, since they are undoubtedly based in part on flies 
in which the factor responsible for the increase was not represented. If we 
exclude the results with Or F; 1 (table 2), y Hw Fs; 2 (table 7), and the 
balanced bri line, on the grounds that the rate in these cases appears en- 
tirely normal or even, owing to the methods of detection, subnormal, the 
rate of visible mutation is 47.5 per 100,000 flies, and the rate of lethals, 
0.43 +0.09 percent. This corresponds to an approximate twofold increase 
in the frequency of both lethals and visibles. This is still a minimum esti- 
mate, since an unknown fraction of the flies within these groups carried 
the factor responsible for the increase. Thus, in experiments 1 and 2 (tables 
3 and 5), out of a total of 23 males tested from a strain showing an appreci- 
ably high mutation rate, not more than four or five showed evidence of 
throwing mutations in unusually high numbers. 

The behavior of strains established from three of these flies, and carry- 
ing various combinations of their chromosomes, as summarized in tables 4 
and 6, indicates that a dominant influence associated with the third 
chromosome of these males, or perhaps a combination of the first and third, 
is at the basis pf the phenomenon. The combined data of the two tables 
show that in 18,012 flies whose parents carried a first and second chromo- 
some derived from some one of the three “mutating” males, only two muta- 
tions were found, while in 20,729 offspring of parents which either cer- 
tainly or possibly carried a third from these males, as well as a first and /or 
second, there were 13 mutations. The difference between these two series, 
as measured by x?, with Yates’s correction for continuity, is highly sig- 
nificant. The difficulty of detection of mutations in these balanced strains 
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is such as to suggest that the rate observed in the second group (62.8 per 
100,000) is actually a considerable underestimate of the true rate. More- 
over, since the factor is behaving as a dominant and since only a relatively 
few males appear to carry it, the founder males were probably heterozy- 
gous, and in that case only half of the stocks balanced for the third chromo- 
some might be expected to carry the factor. A wild type strain heterozygous 
for the factor should therefore mutate at approximately four to five times 
the normal rate. 

In the analysis of the results obtained with the balanced lines, the as- 
sumption is implicit that the various chromosomes introduced as balancers, 
or carrying marker genes, themselves had no effect on the mutation rate. 
There is no reason to doubt the validity of this assumption. 

The above interpretation encounters one signal difficulty. How can the 
significant decrease in the frequency of lethal mutation in the y Hw F; 6 
line, from 1.01 +0.28 percent to o.19+0.08 percent in three generations, 
be explained? If the increase was due to a dominant factor which was cer- 
tainly not homozygous in the strain and which may be unstable, chance 
alone might be sufficient to account for the difference between the results 
of the two tests. Even so, if males 12 and 13 carried a factor increasing the 
mutation rate by a factor of four, then among the g10 X chromosomes 
from these two males tested for lethals, there should have been six, instead 
of none. This point remains the chief complication in the present interpre- 
tation of the results. 

The estimate of the normal frequency of detection of visible mutation 
adopted in this work is so much higher than the generally published data 
that it is certain to elicit doubt. Only further independent work by com- 
petent investigators can settle this question. If the lower estimates of the 
frequency of visibles be accepted, then in the case here analyzed we are 
forced to assume a considerable increase in the frequency of visibles with- 
out a corresponding increase in the frequency of lethals. 

GOLDSCHMIDT (1939) has vigorously espoused the role of chromosomal 
rearrangements, as leading to further rearrangements which are detected 
through the mutant phenotypes they produce, in such periods of high 
mutation rate. Both VALADARES (1937) and GoLpscHMIDT (1939) report 
the presence of an inversion within their strains. However, it must be 


emphasized that inversions are sufficiently widespread in Drosophila 
stocks that any such claims to be accepted must be accompanied by a 
rigorous demonstration of a causal relationship between rearrangement 
and mutation, and such a demonstration is thus far lacking. Miss JEAN 
LANE, of the Department of Genetics, CARNEGIE INSTITUTION OF WASH- 
INGTON, very kindly examined the salivary gland cell chromosomes of the 
y Hw F3 6 line shortly after the termination of the experiment summarized 
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in table 2 and was able to detect no gross aberration. The only possible 
departure from normal observed was a slightly exaggerated tendency to- 
ward asynapsis. Moreover, in none of the linkage experiments localizing 
the various mutations encountered was any evidence of rearrangement 
found. Dr. E. Sutton found one of the Notch mutations to be character- 
ized by the loss of the 3C7 band from salivary gland cell chromosomes but 
was unable to detect any abnormality in the chromosomes of the five other 
sex-linked mutations which she kindly analyzed. 

The factor responsible for the present outburst is obviously different 
from that found by DEMEREC (1937). There are therefore at least two fac- 
tors, one associated with the second chromosome and the other with the 
third, which exert a profound effect upon mutation rate in Drosophila. 
Such factors as these may without exaggeration be regarded as pacemakers 
of evolution, since by controlling the mutation rate they indirectly control 
the maximum rate at which‘a species may change. 

As GOLDSCHMIDT (1937) has pointed out, the usual design of Drosophila 
work militates strongly against detecting such cases of high mutation rate. 
Further investigation may show that a very considerable portion of the 
mutation occurring in nature comes in such spurts, resulting in the forma- 
tion of localized populations of relatively high genetic heterogeneity. Some 
evidence of this has already been obtained by SPENCER (1942). Should this 
be the case, then here is a mechanism which may rank in importance 
with geographical isolation in the process of species differentiation, and 
one which, in any event, offers a valuable supplement to isolation. 


SUMMARY 


A case of high mutation frequency in an inbred Oregon wild type line 
of Drosophila melanogaster is described and analyzed. From data based on 
approximately 208,000 control and experimental flies it is concluded that: 


(a) The normal rate of detection of new mutants is about 25 per 100,000 
flies under conditions of moderate inbreeding. 

(b) In this particular case there was a two to fourfold increase in the 
frequency of occurrence of sex-linked lethal and sex-linked and 
autosomal visible mutation. 

(c) A dominant influence of the third chromosome, or, less probably, 
of a combination of the first and third chromosomes, was responsible 
for the increase. 
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OUGHEST is a sex-linked, recessive character of Drosophila melano- 
gaster manifested phenotypically in bulging, roughened eyes that 
have facets irregular in size and shape. The allele roughest? (rst*) was ob- 
tained by GRUNEBERG (1935) from an X-ray experiment. Eyes of rs#* flies 
show mosaics of smooth and rough facets with rough patches more pro- 
nounced in the males than in the females. Roughness is accentuated if 
flies are raised at temperatures between 16 and 19°C; at higher tempera- 
tures the females more frequently overlap the wild type in appearance. 
Viability and fertility are good in both sexes. Genetic analysis (GRUNE- 
BERG 1935) indicated that rsf* is associated with a long inversion in the 
X chromosome (In(1)rsé*), extending from the roughest locus to the right 
of the gene bobbed. Preliminary cytological studies by P. Co. KOLLER 
(reported in GRUNEBERG 1935) showed that the loop present in the salivary 
gland chromosomes of flies heterozygous for the inversion extends from a 
point between the loci of facet and ruby to the proximal heterochromatic 
region of the X. Subsequent analysis of salivary gland chromosomes by 
EMMENS (1937) disclosed that the left break of the inversion is in the 3C2 
to 3C4 region. Studies made in this laboratory have confirmed EMMENS’s 
interpretation; the left break follows band 3C3 (BRIDGES’s 1938 map) and 
the inversion extends to about subdivision 20B. It does not include the 
nucleolus-organizing region, as can be seen best in prophases of dividing 
neuroblasts (fig. 1). The 3C4 band is thus associated with the roughest 
locus (confirmed by DEMEREC and SLIzYNSKA 1937), which on the genetic 
map is placed at 1.7 (GRUNEBERG 1937, from an analysis of rst?, which 
behaves as an allele). 

Reversion of Inrsi* to wild type was reported by GRUNEBERG (1936, 
1937). The change occurred spontaneously in a stock homozygous for the 
rst® inversion which also carried the genes yellow, carnation, and bobbed. 
Since these recessive markers persisted in the reverted material, GRUNE- 
BERG felt that the possibility of contamination was excluded; this is of 
course the most plausible explanation. It would be possible, however, to 
secure a gamete containing yellow, carnation, and bobbed, but lacking 
the roughest inversion, by a.coincidence of rare events, including insemina- 
tion of an Inrst* female by a wild type male and production of a triple 
crossover between the chromosomes of a heterozygous daughter. Since 
such triple crossovers should be extremely rare, it would be expected that 
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any culture in which a chromosome of this type was perpetuated would 
also contain numerous wild type flies, unless the further assumption were 
made that the progeny of the heterozygous female consisted of this one 
triple crossover individual. GRUNEBERG’s statement (1937, Pp. 170) sug- 
gests that all the flies carried y, car, and 6b. His genetic analysis of the re- 
version indicated that the wild type sequence of genes had been restored; 
and supplementary studies of salivary gland chromosomes by EMMENS 
(1937) confirmed this interpretation, although it must be emphasized that 
the determination of identical breakage points in heterochromatic regions 
can be made only with some degree of uncertainty (cf. GRIFFEN and STONE 
1940). Inasmuch as complete reinversion on a purely chance basis seemed 
extremely unlikely, GRUNEBERG suggested “that a pre-existent configura- 
tion within the X chromosome has probably determined the points of 
breakage which led both to the original inversion and to the reinversion.” 
The experiments here recorded were designed to measure the dependence 
of the reversion phenomenon on reinversion. 


Reversion of rst* 


Roughest males from the stock In(1)rsé*, rst* car bb were treated with 
4000 roentgens of X-rays and mated with attached-X females (yy) in 
order that reversion might be detected in the F; males. It was thought that 
the more pronounced expression of the roughest character in flies of this 
sex would permit most readily the detection of any deviation in phenotype 
toward the wild type. This anticipation was realized to a surprisingly high 
degree, and the first experiments yielded 22 males having car eyes in which 
the pattern of facets was as regular and uniform as in the wild type. None 
of these 22 males produced any offspring although the females with which 
they were placed deposited some eggs in the cultures. 

It was necessary, therefore, to revise the procedure so that the altered 
X chromosome might be carried in the heterozygous rather than in the 
hemizygous condition, and this was accomplished by mating the irradiated 
males with Inrsé* females. In order to facilitate detection of reversions, the 
flies were raised at a temperature of about 19°C. 

In these experiments a total of 21,104 F; females were examined. Among 
them were 171 that appeared phenotypically non-roughest; the remaining 
20,933 showed the roughest character. Of the 171 that were apparently 
non-roughest, 72 were selected at random for analysis. Twenty-five of 
these produced no offspring; seven had low viability and were lost or dis- 
carded; 23 simulated wild type owing to the variability of expression of 
rst®; the remaining 17 represented true reversions. 

Assuming that the proportions found in this sample are characteristic 
of the whole population, calculations can be made concerning the approxi- 
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mate frequency of reversion at 4000 roentgens. Some consideration must 
be given to the proportion of true reversions among the individuals of 
low viability and those that proved sterile. Probably the amount of simu- 
lated reversion is no greater in the group showing low viability than among 
the tested flies—namely, about one-third of the total. A check was made 
of the proportion of sterility among F; roughest females (not showing re- 
version) whose fathers had been exposed to 4000 roentgens of X-radiation 
Of 200 such females that deposited eggs after mating with Inrsé* males, 
24 failed to produce any offspring. From these tests it may be inferred that 
sterility which affects more than 12 percent of females carrying the irradi- 
ated chromosomes is to be attributed to chromosomal changes associated 
with the reversion process. On the basis of these estimates it has been cal- 
culated that about go of the 171 phenotypically wild type females repre- 
sented true reversions of rs/*, or that reversion was occurring in about 0.4 
percent of all gametes tested. Exact reinversion would not be expected to 
occur so frequently. Accordingly, cytological] studies were undertaken to 
determine the precise nature of the changes induced in 17 of the reversions. 


Salivary gland chromosome analysis of reversions 


The reversions, except for the two that were viable when homozygous, 
were maintained in stock by balancing with In dl-49, y Hw m? g*. Salivary 
gland chromosomes for cytological studies were secured either from larvae 
from these cultures or from matings between virgin females from the 
stocks carrying reversions and Inrsé* or rst” males. 

One of the seventeen reversions associated with a change restricted to 
the X chromosome was lost, presumably by crossing over, before analysis 
could be completed. The remaining sixteen showed rearrangements of 
various types, as reported in abstract form in GENETICS (KAUFMAN 1940) 
and in Year Books No. 38 and No. 39 of the CARNEGIE INSTITUTION OF 
WASHINGTON (1939, 1940). All sixteen involved breaks in the proximal 
heterochromatic region of the Inrsé® X chromosome. Four of the changes 
were inversions, and in two others there was a combination of inversion 
with translocation. There were two cases involving transfer of the nucleo- 
lus-organizing region from its usual position in the X between 20B and C 
to an autosome. Seven of the rearrangements were reciprocal transloca- 
tions; in one of these an additional independent translocation was present. 
Detailed information concerning the breakage points incorporated in each 
rearrangement is furnished in table r. 

The pattern of recombination revealed in the salivary gland chromo- 
somes is described in table 1 under the caption “Type of rearrangement.” 
Since two of the seventeen rearrangements studied showed translocation 
of the nucleolus-organizing region, it is suggested that the method here 
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TABLE I 
EXPERIMENT TYPE OF REARRANGE- POSITIONS OF BREAKS INDUCED IN THE In(r)rs¢? 
NO. MENT CHROMOSOME 
319-51-A__ Inversion in X In proximal heterochromatin, probably in 20B adjacent 
to 3C4; other break between 7A5 and 7A6. 
319-55-K Inversion in X One break in heterochromatin as in preceding; other be- 
tween 18F3 and 18Fs. 
319-22-7 Inversion in X In proximal heterochromatin as in preceding; other 
break between 19E2 and 19E3. 
319-52-A__— Inversion in X Heterochromatic break as in preceding; other break be- 
tween 9A3 and gAq4. 
319-41-A__InversioninX combined Inversion extends from proximal heterochromatin to c. 
with reciprocal translo- 9Cs5 or 9C6; translocation with 51E7 break in 2R. 
cation 
319-24-21 Same as preceding Inversion extends from proximal heterochromatin to 
about 5Co or 5Cro; translocation with 87F break in 3R. 
319-1-C Transfer of nucleolus- Twobreaksin the proximal heterochromatin of X, prob- 
organizing region from ably one proximal to 20C and one distal to 20B so as to 
the X chromosome to _ include nucleolus-organizing region which was removed 
3L and inserted in 3L at 72E. Photograph of nucleolus in 
3L shown as figure 2. 
319-22-25 Similar to preceding ex- Heterochromatic breaks in X as in preceding, n.o.r. in- 
cept n.o.r. is inserted inserted in 2L at 27E. 
2L 
319-18-1 Reciprocal translocation One break in proximal heterochromatin of X, probably 
in 20B adjacent to 3C4 but distal to n.o.r.; other break 
in 26B of 2L. 
319-1-D Reciprocal translocation X break as in preceding; other break in 23F of 2L. 
319-40-1 Reciprocal translocation X break as in preceding; other break in 58D of 2R. 
319-43-C ‘Reciprocal translocation X break as in preceding; other break in 93E of 3R. 
319-18-2 Reciprocal translocation X break as in preceding; other break in 84F of 3R. 
319-22-23  Reciprocaltranslocation X break proximal to the n.o.r.; other break in 3R at 
93B. Pattern of recombination as follows: Tip X.. 
3C3/20B ... 3C4/20B...n.o.r..../93B ... centro- 
mere 3R. Tip 3R. ..93B/20oC or D. . . centromere X. 
319-23-5 Reciprocal transloca- One break in X to left of n.o.r. translocated with 65C in 
tions X/3L and X/3R 3L; another break in 11A of X translocated with 99F 
in 3R. Pattern of recombination: Tip 3L . . . 65C/cazoB 
.centromere of X. Tip X...3C3/ca2oB... 
11A/goF . . . centromere of 3R°3L...65C/caz3Cq4... 
11A/g9F ...tip of 3R. It would seem that the 
11A/o9F exchange i is quite independent of the change 
associated with reversion. 
319-20-9 Mutual exchange in- X break in heterochromatin as in preceding; 2R break 


volving X, 2R and 3R 


in chromocenter; 3R break in 89E. Pattern at recombi- 
nation appears to be X tip on 3R base, 2R tip on X 
base, 3R tip on 2R base. 





described may offer a satisfactory procedure for securing such changes 
when desired for experimental purposes. 

Although one of the breaks incident to each rearrangement occurred in 
the proximal heterochromatic region of the Inrsé* X chromosome and most 
frequently in 20B close to the 3C4 band, the precise location could not be 
determined cytologically. Two factors contributed to the uncertainty: 
first, the 3C4 band is rarely discernible when lying in contact with hetero- 
chromatin, either in the Inrsé* chromosome or in the derived rearrange- 
ment; second, the accurate location by salivary gland chromosome analy- 
sis of a break in the proximal heterochromatin of the X is complicated by 
the diffuse nature of the banding in this region and the irregular pairing 
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that occurs with proximal heterochromatin of other chromosomes. One 
guide toward more accurate localization provided by the X chromosome 
is the position of the nucleolus-organizing region. In the wild type chromo- 
some the nucleolus is organized in the region adjoining 20B and C and ly- 
ing close to the centromere (KAUFMANN i939). In the Inrsé® chromosome 
the nucleolus occupies the same relative position, indicating that the inver- 
sion does not encompass the nucleolus-organizing region (fig. 1). The 


; a ae 


FIGURE 1.—Mitotic chromosomes from ganglion cells of rs#® flies. a, b, d from males; c from 
female. All show X chromosome constrictions. In prophases c and d heteropyknotic regions are 
represented in solid black, remainder of chromosome in outline. Nucleolus is stippled. Note that 
rst’ inversion has the proximal break in that part of the heterochromatic region which in the wild 
type X lies distal to the nucleolus. 


nucleolus remains close to the centromere in all but three (319-1-C, 319-22- 
25, and 319-22-23) of the X chromosomes derived from flies that had under- 
gone reversion from roughest to wild type. Accordingly, any break occur- 
ring between the nucleolus-organizing region and the 3C4 band is re- 
stricted to subdivision 20B or its line of separation from 3C4. But it could 
not be determined cytologically whether or not more than a single line of 
fracture occurred in this region in producing the different rearrangements 
analyzed. 

As was stated earlier, all of those reversions of rs#* that had been secured 
as F; males proved to be sterile. Among the seventeen reversions chosen 
for analysis, fifteen likewise produced only sterile males. Inversions 319- 
22-7 and 319-52-A, however, produced fertile males and therefore could be 
maintained as homozygotes. They were carried as stocks in this way both 
at 19 and at 25°C for nearly two years, during which time inspection of the 
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flies when transferred to new bottles showed that they had the smooth 
wild type eyes characteristic of reverted roughest*. In the early part of 
1941 a few roughest flies were found in these two stocks. Salivary gland 
chromosomes obtained from the larval descendants of flies having rough 
eyes showed that no modification of the sequence of banding had occurred 
subsequent to the change associated with the reversion of rsé*. It seems, 


a> 


ry 


© 





Ficure 2.—Nucleolus-organizing region in left limb of third chromosome as a result of trans- 
location accompanying reversion 319-1-C. The inversion loop is caused by pairing between chro- 
mosomes heterozygous for Inversion (3L) Payne. The Payne inversion was present in the chro- 
mosome that received the nucleolus organizer. 


therefore, that the original suppression of rs¢* in these two cases may have 
been dependent not only on the primary change but also on the presence 
of a system of modifiers. Subsequent alteration of this system would 
permit the expression of the roughest character in those individuals in 
which the suppressors were no longer effective and would be responsible 
for the rst flies which then appeared in the stocks. 


DISCUSSION 
The problem of differential fragility 
The present study has shown that phenotypic reversions of Inrs#® may 
be brought about by chromosomal alterations other than reinversion. 
GRUNEBERG suggested that both the original production of the inversion 
by irradiation and its subsequent reinversion may have involved exchanges 
at the point of overlap in chromosome loops formed because of attraction 


REVERSION OF ROUGHEST IN DROSOPHILA 543 


between regions that were identical or at least similar in origin, the one 
representing a repetition of the other. To secure the rsé* inversion and re- 
inversion on such a predetermined pattern, 3C and 20B should contain 
homologous sections. No relationship between these subdivisions can be 
recognized on the basis of similarity of gene content, since 20B is essen- 
tially inert, whereas several bands of subdivision 3C have been correlated 
with known genes: 3C2 (or 3C3) with white, 3C4 with roughest, 3C7 with 
facet. However, if 3C should encompass some inert material similar to 
that of subdivision 20, as PROKOFYEVA-BELGOVSKAYA (1939a, 1939b) 
first inferred from observations of pairing between these two regions in 
salivary gland chromosomes, there would be a structural basis favoring 
loop formation, at least in salivary gland chromosomes. It does not neces- 
sarily follow, even if loop configurations were demonstrable in sperm 
nuclei, that this type of intrachromosomal conjugation is prerequisite to 
the production of new rearrangements. Although propinquity between 
strands is essential in order that broken ends may form new combinations, 
such contact may not exist at the time the positions of the breaks are de- 
termined. Some evidence in this connection has been presented by MULLER 
(1940) and KAUFMANN (1941a) who found that potential breaks induced 
by X-rays in sperms of D. melanogaster apparently do not participate in 
the formation of rearrangements until after the sperm nucleus has entered 
the egg. 

If the regions delimiting the rs’ inversion were more susceptible than ad- 
joining parts of the chromosome to breakage per unit of mitotic chromo- 
some length, either as a result of previous breakage or because of the type 
of chromatin involved, reinversion should occur with great frequency. 
Using phenotypic reversion as a basis for selection, the position of one 
break in any chromosomal rearrangement is localized, apparently requir- 
ing an alteration in the relationship of the 3C4 locus to the proximal 
heterochromatic materials of the X. It may be estimated, on the basis of 
former studies of break frequency in heterochromatin of the X at 4000 
roentgens, that about one out of every nine breaks in this region is dis- 
closed by the reversion of rsi*. Probably the method is much more sensitive 
than this estimate suggests, since the cytological analysis indicated that 
not all breaks in heterochromatin are detected, but more particularly those 
in 20B distal to the nucleolus. The positions of the other breaks involved 
in detectable rearrangements appear to be random, either in the X or in 
one of the autosomes. This evidence suggests that any reinversion that 
might be induced by irradiation would depend on the chance distribution 
of breaks, rather than on any underlying structural pattern involving 
contact between regions of preferred breakage. The occurrence of an 
analogous situation in- the production of a spontaneous rearrangement 
can be only surmised. 
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Thus, the roughest® inversion, as well as the delta-49 inversion pre- 
viously tested in this laboratory (KAUFMANN 1939), has not been found 
to show increased fragility to X-rays in the regions at the limits of the 
inverted sections. At variance with this finding are such reports as those 
of S1TkKo (1938a, 1938b), presenting evidence that the regions of new 
unions established as a result of inversion and translocation are more 
susceptible to induced breakage than such regions in the normal chromo- 
somes; the somewhat similar evidence adduced by TzuBINA (1939) from 
the incidence of changes affecting the expression of cubitus interruptus, 
presumably through the production of translocations in a fourth chromo- 
some which previously had been broken and reattached in translocation; 
and the data provided by GriFFEN and STONE (1940) indicating that the 
attachment between the white locus in the X and its fourth chromosome 
associate in the w™ translocation represents a weak spot. It is conceivable 
that regions adjacent to breakage points in different rearrangements may 
behave differently. It is also possible that some of the conflicting data 
may be reconcilable on the basis of differences in recombination rates of 
the various displaced sections and are therefore not directly attributable 
to differential fragility. The writer (KAUFMANN 1941b) has maintained 
that the cytological analysis of salivary gland chromosomes provides the 
best method for measuring the distribution of all breaks involved in these 
rearrangements. Additional experiments with other inversions are being 
conducted along these lines. 


Reversions and reverse mutations 


Since reversion of roughest® in each of the cases tested involved some 
perceptible chromosome rearrangement, an effort was made to determine 
whether the phenomenon of reverse mutation might require similar 
changes. Several loci were selected, including forked in the X chromosome 
and peach in the third. These two had shown in earlier studies (summary 
by TIMOFEEFF-RESSOVSKY 1937, p. 89) a reverse mutation rate equal to 
or greater than that of direct mutation. Flies carrying these and other 
markers were irradiated with about 4000 roentgens of X-rays and their 
offspring examined for reversions. With the assistance of Mr. TAYLOR 
HINTON, Mr. FLoyp BLIvEN, and Miss JEAN LANE, 25,565 flies were ex- 
amined for changes at the forked locus, with entirely negative results. No 
changes to wild type were found among 11,900 flies surveyed for changes in 
peach. GRIFFEN and STONE (1939), however, have reported briefly that 
the spontaneous mutations apricot, miniature, and forked were caused to 
revert to normal alleles by irradiation and that the single case of each 


studied genetically and cytologically revealed no detectable gene rearrange- 
ment. 


et et 
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Failure to secure reversions of point mutations in the experiments sum- 
marized above prompted a further effort to secure changes in a mutation 
associated with a chromosomal rearrangement. For this purpose whiie- 
eyed males of the stock 258-52 (DEMEREC), which carry an inversion in 
the X chromosome extending from 3C to 8E, were treated with 3000 roent- 
gens of X-rays. Among the first 12,000 gametes that we tested there was 
no change from white toward the wild type. Curly and Glazed, which 
accompany inversions in the second chromosome, have been found to 
revert to normal with changes in chromosome associations (SUCHE, 
PARKER, BisHoP, and GRIFFEN 1939, GRIFFEN and STONE 1940); and the 
Bar® rearrangement (T(1; 4)B’) has been reported by GRIFFEN (1941) 
to give occasional complete returns to normal eye shape. Reversions of 
genes producing mottling will be considered in the following section. 


Roughest® as a position effect 


The number of distorted facets in the eyes of roughest flies may vary 
with the sex of the individual, the temperature at which the cultures are 
raised, or the genetic environment afforded by neighboring genes (DEM- 
EREC and SLIZYNSKA 1937). Roughest thus belongs to that group of char- 
acters which are expressed in mottling or mosaicism of somatic tissues. As 
ScHULTz (1936) and others have emphasized, mottling may be induced 
by the proximity of a gene to heterochromatin; and rsé is of this type. 
The conditions necessary for the production of irregular eye facets are 
met by the properties of the proximal region of the X chromosome. Trans- 
fer of the 3C4 locus to this region induces roughest; it is a position effect. 
Removal of the gene from this environment may prevent the mottling. 
It is not necessary that the original gene sequence be reestablished in order 
to ensure reversion, as GRUNEBERG’S experiments suggested; although 
completion of the cycle of inversion and reinversion, with the appearance 
and disappearance of the character, would provide the most crucial proof 
of the existence of a position effect. There are many situations in the chro- 
mosome that provide environments, as far as the expression of roughest 
is concerned, parallel to that of the gene in its normal position. The experi- 
ments reported in this paper shed some light on the factors involved. 

In the first place it is clearly shown that the appearance and disappear- 
ance of the roughest effect is dependent not merely on proximity to hetero- 
chromatin or removal therefrom. As was mentioned previously, subdivision 
3C probably contains some heterochromatic materials, so that the 3C4 
locus in the wild type chromosome may not be situated in a totally euchro- 
matic environment. However, the quantity of heterochromatin incorpo- 
rated in 3C is probably small, since the break frequency data (KAUFMANN 
1939) suggest that this subdivision is not disproportionately longer in the 
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mitotic chromosome than are adjoining euchromatic sections. Three of 
the reversions of roughest indicated, moreover, that mottling is not always 
evoked when the 3Cq locus lies adjacent to proximal heterochromatin. 
In none of these three had the roughest inversion been altered perceptibly, 
but the proximal heterochromatic relationships had been disturbed in two 
cases by removal of the nucleolus and some adjoining materials from the 
chromosome, and in the third case the entire distal portion of the X, includ- 
ing the inversion and the nucleolus-organizing region, had been translo- 
cated with the limb of another chromosome. From these considerations 
it would appear that the production of variegation in Inrsé* requires the 
proximity of the 3C4 band to heterochromatin, but that this heterochro- 
matic material must be located proximally in the chromosome, and not in 
some intercalary region. There is the further suggestion that proximity to 
the nucleolus, or the nucleolus-organizing region, is essential. The alterna- 
tive possibility cannot be overlooked that the effect depends on the quan- 
tity of heterochromatin present in the chromosome, as PANSHIN (1938) 
suggested in explanation of the type of variegation observed for white 
mottled". In the D. melanogaster chromosome heterochromatin is most 
abundant adjacent to the centromere. Removal from this region of suffi- 
cient material to be detected as the translocation of the nucleolus might 
appreciably reduce the effective quantity remaining. A significant check 
of the dependence of variegation on proximity to the nucleolus would be 
the production of reversion from rsé* following transfer of the 3C4 locus 
to the proximal heterochromatic region of the limb of one of the auto- 
somes. So far no reversion of this type has been discovered. On the other 
hand,—apart from the cases here reported,—there are some further indica- 
tions that the region of the nucleolus may be of some importance in influ- 
encing the variegation process. In a report to the 1939 International 
Genetics Congress, DEMEREC (1941) noted that certain parts of the hetero- 
chromatin are more effective than others in producing mottling of genes 
located in subdivision 3C. In two X chromosome inversions, in which one 
break had occurred in 3C and the other to the right of the nucleolus-organ- 
izing region, so that the nucleolus occupied a position near the tip of the 
chromosome, there was no mottling in any of the loci tested. In two other 
inversions, in which the break was to the left of the nucleolus-organizing 
region, mottling was induced in the loci brought near to the nucleolus. 
The amount of heterochromatin remaining adjacent to the centromere 
varied in these different cases; but quantity does not seem to be the factor 
controlling variegation, for the reason that mottling of the loci concerned 
is induced by the proximal heterochromatic regions of all the chromosomes, 
including the fourth. Other studies showing qualitative differences in 
heterochromatic materials have been summarized by V. V. KHvosTova 
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in Drosophila Information Service 15, pp. 25 and 26, 1941 (see also 
PANSHIN 1938). In these extensive investigations of rearrangements affect- 
ing the expression of the fourth chromosome gene, cubitus interruptus, it 
was found that the proximal parts of the “inert” regions of the X and Y 
chromosomes are analogous to the “inert” regions of the autosomes in 
their failure to suppress the dominance of the wild type allele; whereas the 
distal regions of the Y and the part of the “inert” region of the X to the 
left of bobbed are analogous to the “active” parts in weakening the 
dominance of ci*. Additional studies of changes in roughest* induced in 
stocks containing displaced nucleolus-organizing regions, or extra Y chro- 
mosomes, might provide an answer as to the relative importance of differ- 
ent parts of the “inert” material. If a definite rdle of the nucleolus or its 
organizer in the variegation process could be established, further evidence 
would be available concerning behavior of specific genes in relation to the 
nucleoprotein metabolism of the cell (see review by SCHULTZ 1941). 

One recent report (GRIFFEN and STONE 1940) has disclaimed the impor- 
tance of heterochromatin in inducing variegation of a white mottled 
(w™) and its derivatives. The argument is two-pronged: first, that the 
w™ rearrangement (the tip of X down to 3C2 translocated to the fourth 
chromosome) did not involve heterochromatin, and second, that the 
mottling persisted after the 3C2 locus had been transferred to various inter- 
calary euchromatic loci. The first of these premises is open to the serious 
criticism that numerous observations of the fourth chromosome, including 
its behavior in pairing in the salivary gland nuclei, have indicated the exist- 
ence of proximal and probably also terminal heterochromatin (BRIDGES 
1935; SCHULTZ 1936; PROKOFYEVA-BELGOVSKAYA 1937; BAUER, DEMEREC, 
and KAUFMANN 1938; and others). Conceding the presence of heterochro- 
matin in the fourth chromosome, the transfer of 3C2 to new locations may 
have been accompanied by some of this “inert” material. Assuming, how- 
ever, the absence of such substances in contact with 3C2, there remains the 
possibility that in this particular change the gene is extremely sensitive to 
influences of heterochromatin effective through comparatively long dis- 
tances cytologically. It has already been established that heterochromatic 
regions are distributed along the X chromosomes (PROKOFYEVA-BELGOV- 
SKAYA 1939b, PROKOFYEVA-BELGOVSKAYA and KHVOSTOVA 1939, KAUF- 
MANN 1939), and there is good reason to suspect their existence in the auto- 
somes. GRIFFEN and STONE described one rearrangement in which 3C2 
in contact with 3F2 permits pronounced mottling. By all available criteria, 
3F2 is euchromatic, but it is not far removed from the heterochromatic 
zone of 3C nor from other similar regions in division 4. The expression of 
a position effect under the influence of some distant alteration in the chro- 
mosome has been discovered both for the stable changes and for variega- 
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tion at various loci, including hairy, curled, Bar, roughest’, white, and 
other loci of the Notch region. An analysis by FANo (DEMEREC, Kaur- 
MANN, SuTTON, and FANO 1941) of genetic changes at the Notch locus 
indicates that about one-tenth of all breaks occurring sufficiently close to 
the locus affect its phenotypical expression. It is not necessary that the 
break be adjacent to the changed locus, particularly in transfers to hetero- 
chromatin. An influence extending over about 50 bands as measured in the 
salivary gland chromosome has been observed by DEMEREC (1940). Such 
remote effects must be appraised fully before the influence of heterochro- 
matin on variegation can be denied. 


SUMMARY 


Reversion of roughest® has been induced in progeny of irradiated rsf 
males. Reversion is associated with various chromosomal alterations, each 
involving at least one break in the proximal heterochromatic region of the 
X chromosome adjacent to the position occupied by the roughest locus 
(3C4 in the salivary gland chromosome) in the rsé* inversion. 

The 17 rearrangements analyzed cytologically showed inversions and 
translocations, but no reinversion. There were no indications that the 
positions of the breaks observed in these alterations were determined by 
preexisting “weak” spots in the chromosomes. In two rearrangements, the 
nucleolus-organizing region had been removed from the X, so that the 
roughest locus was brought closer to the centromere. In another, nearly 
all of the X, including the roughest locus and the adjoining nucleolus- 
organizing region, had been translocated to an autosome. 

This evidence, considered in the light of other similar studies, suggests 
that the phenotypic expression of roughest® as mottling or mosaicism of 
the eye facets is dependent on the proximity of the roughest locus to that 
portion of the X chromosome which includes both the nucleolus-organizing 
region and the centromere. The rsé* position effect appears to depend 
therefore not only on quantity of heterochromatin available, but also on 
qualitative differences within the heterochromatic materials. 
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OR several years an occasional variegated tomato plant has been ob- 

served in our field cultures. The variegation often appears to be due 
to bud variation, since one part of the plant is variegated while the rest 
seems to be normal. 

The upper surface of a variegated leaflet is composed of normal green 
and abnormal pale-green portions (fig. 1, C). The pale-green color of the 
abnormal portions resembles that of the lower surface of a normal leaf, 
which is decidediy paler than the upper surface. Pale-green leaflets are 
smoother than normal leaflets and are often rolled upwards. The area of 
the pale portion is reduced, so that the halves of a leaflet on either side of 
the midrib may be unequal, or the lamina may be distorted (fig. 1, A). 

The distribution of normal and pale-green areas is very irregular. On a 
variegated shoot, the pale condition may affect a whole leaf, all the leaflets 
on one side of the rachis, one half of a leaflet at one side of the midrib, or 
a very small patch of the lamina. The stem is usually marked with alternat- 
ing normal green and pale-green stripes, which vary in length and in width 
(fig. 1, B). A stripe may be broad, almost completely enveloping the stem, 
or it may be very narrow, constituting a mere striation. A stripe may be 
confined to a single internode, or it may be longer, passing upward into 
an inflorescence or into another internode. Leaves and stems which at first 
glance seem to be wholly pale, usually have small areas of normal tissue. 

In the field, the leaves of much-variegated shoots look somewhat like 
those of the gene mutant wilty (MacArTHuR 1934). The leaves of wilty 
(wt wt) and of variegated plants are much less uprolled in the greenhouse; 
consequently, the spotty appearance of some variegated leaves is more 
conspicuous there than in the field. The upper surface of the leaves of 
wilty is normal green. 

Purple anthocyanin develops in the stem tips and petioles of plants 
containing the normal allele A1 (MACARTHUR 1931), especially in cool 
weather and with exposure to direct sunlight. On variegated shoots, when 
anthocyanin is abundant, there is a deficiency of purple in the pale 
portions, and purple and nonpurple stripes occur side by side on the young 
stem. A little brownish-purple pigment, usually limited to thin lines, may 
occur in the petioles of wholly pale leaflets. The variegation therefore 
affects both the green (chlorophyll) and the purple (anthocyanin) pig- 
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mentation of the plant. The difference in color and in smoothness of leaf 
surface caused by variegation, is best seen in dwarf (d1d1) plants which 
contain the gene Ax for purple anthocyanin and have made nearly their 


Nea 








Ficure 1.—Stem and leaves of a variegated tomato plant. Abnormal tissue is paler than 
normal tissue. A, leaf: large leaflet below is normal; smaller leaflets are uprolled and mostly com- 
posed of abnormal tissue. B, variegated stem. C, leaflets: upper one of pair at right has abnormal 
patches; two in the center are largely abnormal; leaflet at left is mostly normal. 


full vegetative growth and have not been pruned. No variegation has been 
observed in unripe or ripe fruits. 

In one population derived from selfing a much-variegated plant, prac- 
tically every shoot became much variegated. One plant was much stunted 
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and distorted, as if affected with cucumber mosaic, and was entirely un- 
fruitful. The others were very unproductive. One of these much-variegated 
plants was crossed with a nonvariegated male. Two weeks after the seeds 
resulting from this cross had been planted, variegation was perceptible in 
the cotyledons and true leaves of the seedlings. In populations from less- 
variegated parents, variegated shoots appeared only after the plants had 
reached their maximum size, two or three months after transplanting; the 
rest of the leaves and shoots remained normal. 

A branch which has abnormal pale areas extending over most of the 
stem and leaves, is, as a rule, unfruitful. On the same plant a normal or 
slightly variegated branch is, as a rule, fruitful. 


CYTOLOGY AND HISTOLOGY 


Normal tomato flowers occur on branches having normal leaves and are 
a bright clear yellow when mature. Flowers on a branch which has ab- 
normal pale-green stems and leaves, remain pale yellow, never open fully, 
and have pale thin anthers containing little or no pollen. 

The pollen from variegated plants is characterized by irregularity in 
size and by the presence of abnormally large grains, which appear to result 
from complete failure of division of the pollen mother cell. Such pollen is 
extremely rare in normal diploids but can be found in nearly every smear 
from variegated plants. The microspores of the tetrad, instead of forming 
a tetrahedron, tend to be arranged in one plane. Tetrads from badly 
affected plants often have unequal microspores, and dyads or pentads seem 
to occur more frequently than in anthers from normal plants. Except for 
occasional non-reduction, which also occurs to some extent in normal 
diploids, meiosis is normal. There are 12 pairs of chromosomes as in normal 
diploids. The difference in cytological behavior seems to be due to an ab- 
normal condition in the cytoplasm, which prevents cytokinesis or makes it 
slow or irregular. 

In a normal shoot, a layer of palisade cells lies just beneath the epidermis 
(fig. 2, A). In the developing shoot of a variegated plant, some of these 
cells fail to undergo normal! differentiation and look much like the cells of 
the spongy parenchyma (fig. 2, B). For this reason, the upper surface of 
the abnormal portion of a variegated leaf is gray-green and resembles the 
lower surface in color. Low magnification of the upper surface of the normal 
portion of a variegated leaf shows a large number of small cell ends so 
closely massed as to cause buckling and to partially obscure the veins. In 
the abnormal portion of the leaf, large, irregular, loosely arranged cells 
can be seen beneath the epidermis. Sections of variegated leaves show that 
the gray-green areas lack the palisade layer (fig. 2, B). The irregularly 
shaped cells contain plastids, but since relatively few cells are present in 
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abnormal regions, much less chlorophyll is present than in normal portions 
of the leaf. In abnormal regions, starch grains have been observed in the 
chloroplasts, and the latter appear to be normal in color. In the pale-green 
area of a variegated leaf, the outer periblem layer of the upper surface is 
either modified to form spongy parenchyma or is absent. 

In normal regions of the stems, two to four layers of chlorenchyma lie 
immediately below the epidermis. Some of these cells may contain purple 








FIGURE 2.—Drawings from freehand sections of fresh tomato leaves and stem. A, normal- 
green portion of a leaf. B, pale-green portion of a leaf. C, portion of variegated stem including one 
normal-green and two pale-green stripes; the subepidermal cells in the pale regions lack chloro- 
phyll. X 360. 


anthocyanin, especially on the side of the stem exposed to direct sunlight. 
In the abnormal regions, one or, occasionally, two layers of large flat cells 
lie just beneath the epidermis. These cells contain no chloroplasts, and 
neither they nor the two or three layers of chlorenchyma beneath them 
develop anthocyanin (fig. 2, C). Except for the presence of this colorless 
subepidermal layer, which gives a gray-green cast to the abnormal stem 
stripes, the stems are normal. Occasionally, the chlorenchyma from a 
normal region of the stem tends to slightly overgrow the abnormal subepi- 
dermal layer. 


TRANSMISSION TESTS 
It was at first suspected that the variegation was due to a virus, but its 


appearance did not correspond to that of any known virus disease. Dr. 
S. P. Doo.itTLe, Senior Pathologist of the UNITED STATES DEPARTMENT 
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oF AGRICULTURE, made infection tests at Washington, D. C., by rubbing 
the leaves of healthy tobacco and tomato plants with juice from tissue of 
variegated tomato plants and by inserting fragments of this tissue into 
the stems. Ordinary tobacco mosaic was recovered from one variegated 
plant, but in no case were the peculiar symptoms of variegation trans- 
mitted to normal tomato plants. (Leaves of tomato plants affected with 
tobacco mosaic develop a palisade layer and so differ from those of the 
variegated tomato.) 

Subsequently, at Riverside, variegated scions were successfully grafted 
onto three normal plants, and normal scions were successfully grafted 
onto two variegated plants. No symptoms of variegation were found on 
the shoots of the normal plants and normal scions, even after stock and 
scion had been growing together for three months. 

The nontransmission of the variegation by these means indicates 
strongly that it is not caused by an ordinary virus. Whole families con- 
sisting of many hundreds of plants growing in rows adjacent to variegated 
plants have remained free from variegation. 


GENETICS OF VARIEGATION 


Most of the variegated plants can be traced to a simple trisomic plant, 
triple-H (triplo-IV), C218-8-1, raised in 1932, which has been crossed with 
various unrelated plants, but a few authentic cases appear to have an inde- 
pendent origin. Variegation was not systematically recorded until Sep- 
tember, 1939. The number of variegated plants at that time was probably 
underestimated, since in some cases variegation was very slight and easily 
overlooked. In 1940, and especially in 1941, a more careful search was 
made, so that the records for those years are more complete. For brevity, 
“Vv” and “NV” will be used to indicate “variegated” and “nonvariegated,” 
respectively. 

Breeding data of V and NV plants are presented in table 1, and the 
pedigrees of the plants concerned are shown in figures 3, 4, and 5. 

A majority of the plants in three small families from selfing parents 
C373-1, C373-2, and C373-3 (see table 1 and fig. 4), grown in 1939, were 
variegated. Two families from V F, parents C373-2-1 and C373-2-2, con- 
tained 25 plants, all of which were variegated. Apparently, V and NV 
plants segregated out in two other F; families from parents C324-2-1 and 
C324-2-2, V plants again predominating. Two F;, families, C430 (fig. 3), 
from V @ pollinated by NV? (probably nonvariegated) co, and C519 
(fig. 3), from VXNV, consisted wholly of V plants. These data suggest 
that variegation depends on a gene or on genes and is dominant. 

In 1940 and 1941, however, two F, families from the sibs C430-1 and 
C430-2, consisting of 43 and 24 plants, respectively, were all variegated. 
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TABLE I 


Inheritance of variegation in tomatoes. V =variegated ; NV =nonvariegated ; 
?=doubt as to the phenotype. 














PARENT PROGENY 
YEAR 
PEDIGREE PHENOTYPE GENERATION Vv NV 
RECORDED 

C373-1 ? 1939 F, 2 3? 
C373-2 ? 1939 F, 11 o? 
C373-3 ? 1939 F, 9 3? 
C373-2-1 V 1940 Fs 20 ° 
C373-2-2 V 1940 F; 5 ° 
C324-2-1 ? 1939 F; 25 10 
C324-2-2 : 1940 F; 15 10 
C430 VXNV? 1940 F, 16 ° 
C519 VXNV 1941 F; 24 ° 
C536 VXNV 1942 F, 32 ° 
C430-1 ? 1940 F, 43 ° 
C430-2 V 1941 F; 24 ° 
C430-1-1 V 1941 F; 46 ° 
C430-1-2 Vv 1941 F; II ° 
Cso2 ?>XNV IQ4I Backcross 52 ° 
Cs21 NVXV 1941 F, 2 92 
C522 NVXV 1941 F, ° 14 
C3904 ?X? 1939 F, I 12 
C394-2 NV 1940 F, 4 6 
C3094-2-1 V 1941 F; 5 18 
C361-1 NV? 1940 F; 3 28 
C454 NV?XNV? 1940 F; 2 33 
C458 NV?XNV? 1940 F; 1? 41 
C462 NV?XNV? 1940 Fi 3 36 
C467 NV?XNV? 1940 F; I 41 
C376-2 NV 1939 F; ° 32 
C376-2-1 NV? 1940 F; ° 4 
C376-2-4-1 NV? 1940 Fy, ° II 
C376-2-4-1-1 NV 1941 F; ° 16 
C376-2-4-1-3 NV 1941 F; ° 23 








One of the F, parents, C430-2, and all its F, progeny were extremely 
variegated and highly unfruitful. The phenotype of C430-1 is uncertain, 
as this plant was grown under glass and drastically pruned. Two V F: 
plants, C430-1-1 and C430-1-2, gave, in F;, only V progeny. A VXNV F, 
backcrossed with NV gave 52 V plants (C502, fig. 4). No NV plants oc- 
curred in any of these Fs, F3, or backcross families. 

In 1941, two F, families, C521 and C522 (fig. 3), which were from NV 
2 parents of the same family, crossed with the same very much variegated 
plant, C430-2, contained 106 NV and only two slightly V plants. The two 
NV 9 parents, C376-2-4-1-1 and C376-2-4-1-3, belonged to a family of 
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11 NV plants; and C376-2-4, the grandparent of this family, grown in 
1939, was probably nonvariegated (fig. 3). V plants did occur, however, in 
the progeny from selfing a P; grandparent, C361-1, of this F; (fig. 5), and 
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Ficures 3-5. (Figure 3 top, figure 5 bottom).—Pedigrees of tomato plants. The ratio of 
variegated to nonvariegated plants is shown under the series number of the parent plant or in 
parentheses after the series number of an F, family. “V” indicates a variegated parent; “NV” in- 
dicates a nonvariegated parent; “?” indicates some doubt as to parent phenotype. 


it is possible that variegation was introduced by the ? parents of crosses 
C521 and C522. 


These later, more complete data do not indicate that variegation de- 
pends on a dominant gene or genes, since there is no evidence of segregation 
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of genes for variegation in the F,, F3, and backcross families. Apparently, 
all or nearly all the megaspores of a variegated plant, but very few of the 
pollen grains, transmitted variegation. The most probable hypothesis 
seems to be that variegation is inherited through the cytoplasm and is, as 
a rule, maternally inherited. 

Several families other than C521, which has already been mentioned, 
contained a minority of V plants. The phenotypes of most of the parents 
are not known. Many were grown in 1939, when slight variegation is likely 
to have been overlooked. In 1939, an F; family, C394, from unknown 
parent phenotypes, contained one V and 12 NV plants (fig. 5); and an F; 
from an NV F; parent, C394-2, contained a slight excess of NV plants. An 
F; from a V F; plant, C394-2-1, contained five V and 18 NV plants. Plant 
C361-1 (fig. 5), which was heterozygous for a deficiency and very slow- 
growing (Lesley and Lesley 1941), was probably nonvariegated. When 
this plant was selfed, only three of its 31 progeny were variegated. Four 
F, families from crosses C454, C458, C462, and C467 (fig. 5), whose par- 
ents are supposed to have been nonvariegated, also contained a minority 
of V plants. They had one parent in common, C361-1-1, which had V sibs; 
the other parents were also related to the deficient plant, which, as noted 
above, had a few V progeny. All the families containing a minority of 
variegated plants therefore originated from parents which were either 
variegated or related to variegated plants. Very slight variegation affecting 
only a few cells may easily have been overlooked in the supposed NV 
plants. On the whole, the evidence suggests that slightly V or even NV 
parents, when selfed or crossed with other NV plants, may give both NV 
and V progeny. 

DISCUSSION 

The palisade layer, which lies just beneath the upper epidermis of a nor- 
mal leaf, is largely replaced in the abnormal portions of variegated leaves 
by irregular cells which resemble the spongy parenchyma. 

A similar lack of palisade layer was observed by FuNAOKA (1924) in the 
pale portions of variegated Acer Negundo and Glechoma hederaceum. CONTI 
(1934), in a study of 37 plant species having typical hereditary white 
mottling, found,that where chloroplasts were absent, there was a marked 
modification of the palisade layer in 18 species and a classical palisade 
structure in the other 19. 

In the variegated tomato, the presence of small islands or isolated strips 
of normal cells in otherwise abnormal tissue, or vice versa, suggests that the 
change may proceed in either direction. 

According to KistTEr (1903, 1927), palisade tissue may be lacking as a 
result of shading, growth in artificial illumination, growth in extreme 
humidity or with leaves submerged, or as a result of fungal infection. 
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EAMES and MACDANIELS (1925) state that in normal plants the number of 
palisade layers and the density of the cell structure depend largely, either 
directly or indirectly, on light intensity. There may thus be a great varia- 
tion in the proportion and arrangement of the palisade parenchyma in the 
same species growing under different conditions. There may also be consid- 
erable variation in mesophyll structure of leaves from different parts of 
the same plant. Since one part of a variegated tomato leaf may lack pali- 
sade cells while an adjacent region is normal, and since the abnormal con- 
dition is multiplied and transmitted somatically and is inherited, the con- 
dition which produces it must be within the cell and cannot be attributed 
to these external factors. The abnormal cytokinesis of the pollen mother 
cells on variegated plants seems to indicate that the cytoplasm is in an ab- 
normal condition or that normal control over the cytoplasm is lacking. 

According to LANGE (1927), in Solanum the germ cells originate from 
the subepidermal layer. The abnormality of this cell layer in the variegated 
tomato is certainly hereditary. That inheritance is predominantly mater- 
nal is indicated by the fact that no normal plants occurred in several care- 
fully examined F, and backcross families from variegated ? parents. The 
variable proportions of variegated and nonvariegated plants found in 
some families and the instability of the variegation itself as it occurs on the 
plant also favor this hypothesis. The fact that variegation occurs earlier 
and develops more extensively in the progeny of a much-variegated seed 
parent than in that of a slightly variegated parent, is suggestive of a 
variegation inherent in the cytoplasm. Nevertheless, a gene interpretation 
is not excluded. Nontransmission by the pollen might be due to a pollen- 
lethal gene, and the scarcity of nonvariegated plants in the F; and back- 
cross families might be due to the existence of several dominant genes for 
variegation. It is possible, also, that the normal F; plants from crosses 
C521 and C522 (fig. 3) would give variegated plants in F». 

Since the flowers of predominantly pale shoots are sterile, variegated 
plants are usually reproduced by seeds from mixed or normal-looking 
shoots. Variegated plants apparently develop from all the egg cells, even 
of a 2 parent of which some shoots appear to be nonvariegated. Because 
of somatic segregation, it may be possible to increase or decrease the 
amount of variegation by bud selection. At present the most promising 
method of eliminating variegation from a variety is by crossing it with a 
nonvariegated race and by repeated backcrossing, the variegated variety 
being used as pollen parent. 

The plastids are the only known agents in cytoplasmic inheritance. Some 
relation between variegation and plastid distribution was accordingly sus- 
pected. In the subepidermal cells of the pale areas of the leaf, there are 
probably fewer chloroplasts than in the palisade cells of a normal area. In 
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the pale portions of the stem, the cells of the subepidermal layer are modi- 
fied in shape and lack both chloroplasts and anthocyanin. 

CHITTENDEN (1927) adduces evidence that, in some cases of mosaic 
anthocyanin distribution, the presence of anthocyanin depends on the 
activity of the plastids, and that in such plants maternal inheritance 
through plastids is more probable than inheritance by genes. In the varie- 
gated tomato inheritance of mosaic anthocyanin distribution appears to 
be cytoplasmic, and the pale-green color and lack of purple anthocyanin 
seem to depend on a deficiency of chloroplasts. Possibly the lack of antho- 
cyanin is caused by insufficient glucose, two molecules of which enter into 
the formation of anthocyanin. 

It appears that the presence of purple anthocyanin is determined by the 
independent genes A1 and a2 (MACARTHUR 1934) and by the chloroplasts. 
In the tomato chimera with variegated fruit, described by MACARTHUR 
(1928), which seems to be a typical case of plastid inheritance, purple 
anthocyanin color is not affected. However, the modified cell form of the 
subepidermal layer in abnormal regions of both stem and leaf, the abnor- 
mal cytokinesis in the pollen mother cells, and the fact that green plastids 
are present in the subepidermal cells of the leaf, suggest that in the present 
instance, variegation is due to an unstable or a “diseased” condition of the 
cytoplasm, as postulated by CorRENS (1937), which affects the formation 
of chlorophyll and anthocyanin. It seems probable that a certain specific 
portion of the egg cytoplasm may form the subepidermal layer and is ab- 
normal in contrast to the rest of the cytoplasm. 


SUMMARY 


A variegation of tomatoes is described, in which abnormal pale-green 
areas occur on normal green stems and leaves. The pattern of pale-green 
and normal tissues on a variegated plant is very irregular, and the pale- 
green area is extremely variable in extent. On a predominantly pale shoot, 
flower development is arrested, cytokinesis is irregular, and the pollen is 
very scanty. In extreme cases the entire plant is unfruitful. Variegated 
plants which have the purple anthocyanin gene A1 have no anthocyanin 
in the pale portions of the stem and very little in the petioles of pale leaves. 

In the pale portion of the leaf, palisade cells are absent, so that the upper 
surface is similar in color to the lower leaf surface. In the stem, the cells 
of the subepidermal layer of the chlorenchyma are abnormally flattened 
and contain no chloroplasts. 

The variegation was not transmissible by the methods ordinarily effec- 
tive with a virus and did not spread to adjacent unrelated families. 

Variegation behaves as a dominant character. It is, as a rule, inherited 
maternally and appears to have its basis in the cytoplasm. Some parents 
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which were not known to be variegated gave a small proportion of varie- 
gated progeny. The occurrence of about two percent of variegated plants 
from nonvariegated 9 X variegated o may therefore be due to variega- 
tion introduced by female parents in which variegation was overlooked. 

The absence of chloroplasts in the subepidermal layer of the stems of 
variegated plants may account for the lack of anthocyanin in the abnor- 
mal areas. The histological and cytological changes found in the pale por- 
tions of variegated plants, and the mode of inheritance of variegation, indi- 
cate that variegation is due to an abnormality of the cytoplasm. 


LITERATURE CITED 


CHITTENDEN, R. J., 1927 Vegetative segregation. Bibliogr. Genet. 3: 355-442. 

Cont1, A., 1934 Forma e sviluppo del palizzata in rapporto alla funzione: ricerche anatomiche. 
Ateneo Parmense 6: 561-574. Abstracted in: Biol. Abs. 1936 10: 4281. 

CorreEns, C., 1937. Nicht mendelnde Vererbung. Handbuch der Vererbungswissenschaft, Band 
II. Berlin: Gebriider Borntraeger. 

Eames, A. J., and L. H. MacDaniets, r925 An introduction to plant anatomy. New York: 
McGraw-Hill. 

FuNAOKA, S., 1924 Beitrige zur Kenntnis der Panaschierten Blatter. Biol. Zbl. 44: 343. (Cited 
by Kuster [1927].) 

Kister, E., 1903 Pathologische Pflanzenanatomie. Jena: Gustav Fischer. 

1927 Anatomie des panaschierten Blattes. Handbuch der Pflanzenanatomie, Band 8. 
Berlin: Gebriider Borntraeger. 

LANGE, F., 1927 Vergleichende Untersuchungen iiber die Blattentwicklung einiger Solanum- 
Chimiren und ihrer Elternarten. Z. Wiss. Biol. Abt. E. Planta 3: 181-281. Abstracted in: Biol. 
Abs. 1928 2: 13364. 

Lestey, M. M., and J. W. Lestey, 1941 Parthenocarpy in a tomato deficient for a part of a 
chromosome and in its aneuploid progeny. Genetics 26: 374-386. 

MacArtTuur, J. W., 1928 A spontaneous tomato chimera. J. Hered. 19: 331-334. 

1931 Linkage studies with the tomato. R..Canad. Inst. Trans. 18 (Part 1): 1-109. 
1934 Linkage groups in the tomato. J. Genet. 29: 123-133. 


INFORMATION FOR CONTRIBUTORS 


Contributions to Genetics may be in the field of genetics proper, of cytology, taxon- 
omy, embryology, physiology, biometry, or mathematics, if of sufficient importance 
and of such a character as to be of primary interest to the geneticist. For the present, 
the length of manuscripts will be limited to twenty-five printed pages (about twelve 
thousand words) —— by special vote of the Editorial Board. Tabular matter in 
excess of one-fourth of the manuscript can not be printed, unless of particular im- 

rtance, but will be kept on file for reference on request provided two copies are 

urnished by the author. Excess pages will be printed if paid for by the author (about 
six dollars a page). 

Manuscripts are printed, ordinarily, in the order of their receipt. They may be 
printed out of turn provided the entire cost is paid by the author. Such material will 
be added to the current number and will not delay the publication of any other article. 

Contributors are requested to use care in the preparation of manuscripts. Carbon 
copies can not be considered. All references to literature should cite the name of the 
author, followed by the year of publication, the papers so referred to being collected 
into a list of “Lrrgrature Crrep” at the end of the article. In this list care should be 
taken to give the titles in full, and to indicate accurately, in Arabic numerals, the 
volume number, the first and last pages, and the date of publication of each paper if 
published in a periodical, and the number of pages, place and date of publication, and 
the name of publisher, of each independent publication. The arrangement of this list 
should be alphabetical by author and chronological under each author. Titles of pub- 
lications are abbreviated according to the World list of scientific periodicals, Oxford 
University Press, London and New York, 1925. 

Each manuscript should include a summary of the evidence and of the conclusions. 
Factor symbols should be separated so that they can be properly identified and 
underlined for italics. Gene symbols with sub- or superscript letters should be avoided 
except in long allelic series. Most typewriters do not distinguish between the letter 
| and the figure 1 or the hyphen and the dash. Such distinctions should be made wher- 
ever there is a possibility of confusion. 

Footnotes should be avoided wherever possible. Usually, they can be enclosed in 
parentheses and inserted after the sentences to which they apply. If used in the text 
they should be numbered consecutively in a single series and designated by Arabic 
superscript numerals. Footnotes to tables should be marked with an asterisk, dagger, 
or other symbol so as not to be confused with the figures in the tables. 

Illustrations should be referred to as figures wherever possible. Plates are reserved 
for illustrations that require paper inserts or for collections of small figures that can 
not be designated conveniently as separate figures. Text figures should be clearly 
identified but not numbered in the illustration. Figures included in plates should be 
distinguished by letters rather than by numbers. All figures and plates are reduced to 
a maximum of 43% inches in width and 6 inches in height. 

Legends for figures and plates should be typewritten separately from the illustra- 
tions for the reason that the type is set by the printer and the illustrations are made 
by the engraver. Mistakes are likely to occur if the separation is not made by the 
author. : 

Galley proofs and, whenever there is time, page proofs will be sent. Authors 
should leave forwarding directions whenever they are to be away from the address 
sent with the manuscript. Ordinarily page proofs can not be sent out of the country. 
Both proofs must be returned promptly and no extensive change may be made in page 
proofs, which is not compensated for within the same paragraph, or in an adjacent 
paragraph on the same page. Changes from copy will be charged to the author. 

Genetics furnishes 75 reprints, without covers, free. Covers and additional re- 
prints may be secured at actual cost of manufacture provided these are ordered 
when the corrected galley proofs are returned. 

Manuscripts and all editorial correspondence should be addressed to the Editor of 
Genetics, 704 Schermerhorn Hall, Columbia University, New York. 








GENETICS 


Vol. 27 No. 5 


SEPTEMBER, 1942 





CONTENTS OF PRECEDING ISSUES 


NOVEMBER, 1941 


Goopricu, H. age G. A. Hit, and Myron S. 
Arricx, The chemical identification of ~- 


controlled pigments in Platypoecilus and 
a and comparisons with other 


Kixkawa, Hipz0, Mechanism ~ | eee forma- 


tion in — and Droso) 
Ranpotps, L. F., Genetic characteristics of the 
B in maize. 


Gnzs, Norman, Spontaneous chromosome aber- 
rations in triploid Tradescantia hybrids. 
Waicut, Sewatt, Tests for linkage in the guinea 


ine to Volume 26. 


JANUARY, 1942 


Portrait of J. AatHuR Harris. 

Loywecren, Cart C., and Gertrupe Linpecren, 
Locally specific patterns of chromatid and 
chromosome interference in Neurospora. 

Bzastey, J. O., Meiotic chromosome behavior in 
species, species hybrids, haploids, and induced 
polyploids of Gossypium. 

Custanp, Ratpx E., The origin of "decipien 
from the complexes of Ocenothera lamarcki a 
and its bearing upon the phyl signifi- 
cance of si ities in segmental arrangement. 

Srapzzr, L. J., and Frep M. Ussr, Genetic ef- 
fects of ultraviolet radiation in maize. IV. 
Comparison of monochromatic radiations. 

Hnvron, Tartor, A comparative study of cer- 
tain heterochromatic regions in the mitotic 
and salivary gland chromosomes of Drosophila 
melanogaster. 

Abstracts of poe presented * = 1941 meet- 
ings of the Genetics Society of America. 


MARCH, 1942 


Cumisy, R. W., and M. R. Irwin, Immuno- 


Frysr, H.C., and Joun W. Gowsn, An analysis 
of data on X-ray-induced visible gene muta- 
tions in Drosophila melanogaster. 


Inwm, M. " “pe R. W.  Craliea y= 
genetic studies of species: tative 
ences in the serum of backcross progeny fol- 
lowing a generic cross in 

Starker, Harrison D., Sexual isolation studies 
in the ay complex Drosophila virilis. 

Dunn, L. C. Studies of spotting patterns. V. 
Further analysis of minor spotting genes in 
the house mouse. 


MAY, 1942 


Kruaa tt, R. F., The nature and inheritance of 
mating types in Euplotes patella. 
KIN, SARAH BgpicueK, Intersex modifying 
genes in wild strains of Drosophila a 


gaster. 

Lzonarp, Warren H., Inheritance of fertility 
in the lateral spikelets of barley. 

Epuinoc, Cart, and Tx. DoszHansxy, Genetics 
of natural populations. VI. Microgeographic 
races in Linanthus Parryae. 

Atwoop, Sanrorp S., Oppositional alleles caus- 
ing cross-incompatibility in Trifolium repens. 

Cuasz, Herman B., Studies on an anophthalmic 
strain of mice. III. Results of crosses with 
other strains. 

Rezp, S. C., C. M. Wirttams, and L. E. Caap- 
wick, Frequency of wing-beat as a character 
for separating species races and geographic 
varieties of Drosophila. 

Conservation of Scholarly Journals. 


JULY, 1942 


Waraicut, Sewart, Tu. DoszHansxy, and W. 
Hovantrz, etics of na populations. 
VII. The allelism of lethals in the third chrom- 
osome of Drosophila pseudoobscura. 

Ruoapes, M. M., Preferential segregation in 


maize. 

Moors, Joun A., An pe og and geneti- 
cal study of Rana burnsi W 

Crancy, C. W., The pr ata of eye colors 
in Drosophila melanogaster. Further studies 
on the mutant claret. 

Lincotn, Ratpu E., and Joun W. Gowsn, Mu- 
tation of Phytomonas stewartii by X-ray 





SINGLE NUMBERS $1.25 


ANNUAL SUBSCRIPTION $6.00 


obtainable from 
Brooxtyn Boranic Garpgn, Brooxtyn, New Yorr 








